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„Das tiefste und erhabenste Gefühl, dessen wir fähig sind, ist das Erlebnis des 
Mystischen. Aus ihm allein keimt wahre Wissenschaft. Wem dieses Gefühl fremd ist, 




„In der Wissenschaft gleichen wir alle nur den Kindern, die am Rande des Wissens 
hier und da einen Kiesel aufheben, während sich der weite Ozean des Unbekannten 
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SUMMARY 
 
This thesis addresses the principle of antimicrobial photodynamic inactivation (PDI) as a 
complementary method to antibiotics or disinfection in order to deactivate pathogenic 
microorganisms. Herein, the prevention of settlement and growth of microorganisms on 
surfaces using the PDI method is a main issue with focus on the development and 
improvement of such surfaces. Therefore, different photosensitizers were investigated first 
in solution in regard to their ability to generate singlet oxygen and their phototoxic effect. 
Some of these photosensitizers were polymerized into different surface structures, their 
physical properties were clarified with spectroscopic methods and the phototoxic efficacy 
on the surfaces was determined.  
Chapter 3: In literature a rather high dark toxicity component of the photosensitizer class 
of phenothiazines was described and the systematics of the toxic processes were 
controversially discussed. Due to their wide use in PDI, the phenothiazine Methylene blue 
(MB) and common derivatives of this photosensitizer class were investigated in solution of 
H2O with direct spectroscopic methods in regard to their singlet oxygen generation and thus 
to clarify the singlet oxygen quantum yield. For all photosensitizers substantially smaller 
quantum yields as compared to values in literature were obtained via direct monitoring of 
singlet oxygen. This is considered as a probable effect of dimerisation or the use of indirect 
methods to monitor singlet oxygen without the explicit exclusion of the participation of 
other reactive species. Further, the attachment to Gram(+) and Gram(-) bacteria was 
determined quantitatively. In a second study, newly synthesized derivatives of MB were 
investigated in order to systemize the influence of side chains on the spectroscopic 
characteristics, especially the ability to generate singlet oxygen, the photostability and the 
phototoxic effectivity. In contrast to the commercially available dimerisation could be 
suppressed in some derivatives and achieving a higher photostability whilst comparable 
phototoxicity. 
Chapter 4: The phototoxic properties of the porphyrin XF73 were reported to be rather 
high due to good cell attachment or penetration abilities with allowing a therapeutic 
window. Therefore, the photophysical characteristics of this photosensitizer were 
investigated in H2O and in cell physiological solution with regard to aggregation and singlet 
oxygen generation. The results were compared to findings with TMPyP. Aggregation was 
enhanced in XF73, most probably due to the flexible side chains, and a stacking was further 
driven by the presence of , which is found to a high extent in cell physiological solution 
like PBS. The singlet oxygen generation was dramatically influenced by this stacking effect.  
Chapter 5: The porphyrin TMPyP was incubated in C. albicans planktonic and biofilm 
growing samples. Thereafter, the singlet oxygen luminescence was directly detected at 
1270		
	being the first report of the involvement of singlet oxygen in these cell types with 
this highly sensitive, non-invasive monitoring technique. Biofilm samples were considered 
as complex surfaces, exhibiting different decay kinetics for singlet oxygen than their 
planktonic counterparts. Different experimental laser setups were used for the 
measurements, thus allowing irradiation of the Soret- or Q-band of the photosensitizer with 
different irradiation power. With an enhanced sensitivity when irradiating at 420		
, very 
low photosensitizer concentrations were necessary to monitor the singlet oxygen 
luminescence with a good signal-to-noise ratio. A dependency of the rise and decay times of 
the singlet oxygen luminescence on the photosensitizer concentration used for incubation 
was detected. Based on these findings a model was proposed, suggesting different 
surroundings for TMPyP within or adherent to the cell.  
Chapter 6: Cellulose acetate surfaces and polyurethane-coated PMMA surfaces doped with 
different photosensitizers were produced and compared with regard to singlet oxygen 
generation and phototoxic efficacy. The generation of singlet oxygen by irradiation of the 
photosensitizer was proven within direct spectrally and time-resolved single-photon 
counting. The assignment of the rise and decay time was challenging, because the bi-
exponential fit model was not sufficient for the complex surface system, which showed a 
multi-exponential decay manner. The presence of singlet oxygen was also monitored via an 
indirect method using the reaction with potassium iodide. Nevertheless, the PU-surfaces 
showed an effect without photosensitizer inherent, which indicates ROS generation of the 
material itself. The phototoxic efficacy against S. aureus was dependent on the irradiation 
time and the photosensitizer concentration in the material. Also, a difference in the 
phototoxic efficacy of the porphyrin-based and phenalenone-based photosensitizer doped in 
the surface material was detected, resulting in  2	 reduction (> 99%) with the first 









Die vorliegende Doktorarbeit behandelt die antimikrobielle photodynamische Inaktivierung 
(PDI) als eine ergänzende Methode zur Verwendung von Antibiotika oder 
Desinfektionsmitteln, um pathogene Mikroorganismen zu deaktivieren. Prävention von 
Ansiedlung und Wachstum dieser Mikroorganismen auf Oberflächen mit Hilfe der PDI ist 
dabei das Hauptthema; dabei liegt der besondere Fokus auf der Herstellung und 
Verbesserung solcher Oberflächen. Dafür wurden verschiedene photoaktive Substanzen 
(Photosensibilisatoren) erst in Lösung in Hinblick auf ihre Fähigkeit zur Singulett-
Sauerstoff-Generierung untersucht. Einige dieser Photosensibilisatoren wurden 
anschließend in verschiedene Oberflächenstrukturen einpolymerisiert und im Anschluss 
mit Hilfe spektroskopischer Methoden hinsichtlich ihrer physikalischen Eigenschaften und 
ihrer phototoxischen Effektivität untersucht. 
Kapitel 3: In der Literatur ist eine Dunkeltoxizität der Photosensibilisatorklasse der 
Phenothiazine beschrieben und die Systematik des toxischen Prozesses wird kontrovers 
diskutiert. Aufgrund ihres breiten Anwendungsspektrums im Bereich PDI, wurden die 
Phenothiazine Methylen blau (MB) und gebräuchliche Derivate dieser Photosensibilisator-
klasse in wässriger Lösung mit spektroskopischen Methoden untersucht und dabei die 
Singulett-Sauerstoff Generierung durch Bestimmung der Quantenausbeute für Singulett-
Sauerstoff ermittelt. Für alle Photosensibilisatoren wurden mit direktem Monitoring von 
Singulett-Sauerstoff deutlich niedrigere Quantenausbeuten bestimmt, als in der Literatur 
angegeben. Als Grund dafür werden ein Dimerisierungseffekt oder die in der Literatur 
verwendeten indirekten Messmethoden für Singulett-Sauerstoff, welche nicht explizit die 
Beteiligung anderer reaktiver Spezies ausschließen, verantwortlich gemacht. Desweiteren 
wurde die Anlagerung oder Aufnahme der Photosensibilisatoren in Gram(+) und Gram(-) 
Bakterien quantitativ bestimmt. In einer zweiten Studie wurden neu synthetisierte MB-
Derivate hinsichtlich des Einflusses der Seitenketten am jeweiligen Molekül auf die 
spektroskopische Charakteristik hin untersucht, insbesondere bezüglich der Fähigkeit zur 
Singulett-Sauerstoff Generierung, der Photostabilität und der phototoxischen Effektivität. 
Im Gegensatz zu den käuflich erhältlichen Derivaten aus dem ersten Teil konnte 
Dimerisierungsverhalten bei einigen Exemplaren unterdrückt werden, bei gleichzeitig 
hoher Photostabilität und mit MB vergleichbarer Phototoxizität. 
Kapitel 4: Die phototoxischen Eigenschaften des Porphyrins XF73 wurden als effektiv 
eingestuft aufgrund einer guten Anlagerung bzw. Aufnahme in Zellen, unter gleichzeitigem 
Vorhandensein eines therapeutischen Fensters. Deswegen wurden die photophysikalischen 
Eigenschaften dieses Photosensibilisators in  und in zellphysiologischer Lösung 
hinsichtlich Aggregationsverhalten und Singulett-Sauerstoff Generierung untersucht. Die 
Ergebnisse wurden mit denen des Referenzphotosensibilisators TMPyP verglichen. 
Aggregation war mit XF73 sehr wahrscheinlich durch dessen flexible Seitenketten erhöht 
und wurde zusätzlich konzentrationsabhängig getrieben in Gegenwart von , welches in 
zellphysiologischer Lösung wie PBS zu finden ist. Aggregation von XF73 beeinflusst deutlich 
negativ die Generierung von Singulett-Sauerstoff. 
Kapitel 5: Das Porphyrin TMPyP wurde in C. albicans inkubiert, welche sowohl 
planktonisch als auch als Biofilm wuchsen. Anschließend wurde die Lumineszenz von 
Singulett-Sauerstoff direkt bei 1270		
 detektiert und in dieser Arbeit erstmalig als 
beteiligtes toxisches Agens in diesem Mikroorganismus mit Hilfe der hochsensitiven und 
nicht-invasiven Monitoring-Technik beschrieben. Die Biofilm-Proben werden als komplexe 
Oberflächen angesehen, die unterschiedliche Abklingkinetik für Singulett-Sauerstoff 
aufweisen, im Vergleich zu ihren planktonischen Entsprechungen. Verschiedene 
Laseraufbauten wurden für die Messungen verwendet und ermöglichten Bestrahlung in der 
Soret- oder Q-Bande von TMPyP mit unterschiedlicher Leistung. Mit der erzielten erhöhten 
Sensitivität für die Bestrahlung bei 420		
 (Soret) waren nur sehr niedrige 
Photosensibilisatorkonzentrationen nötig, um die Singulett-Sauerstoff-Lumineszenz mit 
einem guten Signal-Rausch-Verhältnis zu aufzunehmen. Eine Abhängigkeit der Anstiegs- 
und Abklingzeiten der Singulett-Sauerstoff-Lumineszenz von der Konzentration des 
Photosensibilisators wurde bestimmt. Basierend auf diesen Ergebnissen wird hier ein 
Modell vorgeschlagen, welches verschiedene Umgebungen für TMPyP innerhalb oder 
anhaftend an die Zelle vorschlägt. 
Kapitel 6: Oberflächen aus Zelluloseazetat oder mit Polyurethan überzogenes PMMA 
wurden mit unterschiedlichen Photosensibilisatoren dotiert und miteinander verglichen 
hinsichtlich Generierung von Singulett-Sauerstoff und phototoxischer Effektivität. Die 
Generierung von Singulett-Sauerstoff konnte mit Hilfe von spektral- und zeitaufgelöster 
Einzelphotonenzählung nachgewiesen werden. Die Zuordnung von Anstiegs- und 
Abklingzeiten war eine Herausforderung, weil das bi-exponentielle Fitmodell nicht 
ausreichte, um das komplexe Oberflächensystem zu beschreiben, welches ein multi-
exponentielles Verhalten an den Tag legte. Das Vorhandensein von Singulett-Sauerstoff 
wurde zudem mit einer indirekten Methode überprüft, die sich die Reaktion von 
Kaliumiodid mit Singulett-Sauerstoff zu Triiodid zunutze macht. Nichtsdestotrotz zeigte mit 
dieser Methode auch das PU-Material ohne inhärenten Photosensibilisator die Ausbildung 
reaktiver Spezies. Die Phototoxizität gegen S. aureus war abhängig von der Bestrahlungszeit 
und der Konzentration des Photosensibilisators im Material. Zudem wurde ein Unterschied 
zwischen der phototoxischen Effektivität der Oberfläche mit einpolymerisiertem 
Photosensibilisator auf Porphyrin-Basis und Phenalenone-Basis festgestellt. Ersterer führte 
zu einer Reduktion von  2	-Schritten (> 99%), letzterer zu einer Reduktion von 








LIST OF ABBREVIATIONS 
 
aPDT antimicrobial photodynamic treatment 
CA cellulose acetate 
C. albicans  Candida albicans 
CFU   colony forming units 
DMMB   Di-methyl methylene blue 
DNA   deoxyribonucleic acid 
E. coli   Escherichia coli 
EM   electromagnetic 
F   fluorescence 
   water 
   hydrogen peroxide 
IC   internal conversion 
IR   infrared 
ISC   intersystem crossing 
   quenching rate constant 
LPS   lipopolysaccharides 
   micro 
MH   Müller-Hinton 
MB    3,7-Bis(dimethylamino)-phenothiaziniumchlorid, Methylene blue 




MB-3 3-(piperazin-4-ium-1-yl)-7-(dimethylamino)phenothiazin-5-ium dichloride 
MB-4 3-[(2-Hydroxyethyl)(methyl)amino]-7-(dimethylamino) phenothiazin-5-ium 
chloride 




   millilitre 
MRSA   Methicillin-resistant Staphylococcus aureus 
   molecular weight 
 ! "   sodium azide 
NIR   near infrared 
NMB   New methylene blue N 
    molecular oxygen 
	
 , #! ∆%	
 &  singlet molecular oxygen, singlet oxygen 

∙   superoxide radical 
OPO   optical parametric oscillator 
P   phosphorescence 
PACT   photodynamic antimicrobial chemotherapy 
PBS   phosphate buffered saline 
PDI   photodynamic inactivation 
PDT   photodynamic therapy 
PIB   photodynamic inactivation of bacteria 
PMMA   poly-methylmethacrylate 
PMT   photomultiplier tube 
PN   Phenalenone 
PN-O-A N,N-Dimethyl-N-(2-hydroxyethyl)-2-ammoniummethyl-phenalen-1-one chloride 
PN-O-B   N-(3-Hydroxypropyl)-N-(2-methylen-phenalen-1-one)acetamid 
PNS   1h-Phenalen-1-One-2-Sulfonic Acid 
PS   photosensitizer 
PU   polyurethane 
PUR   polyurethane containing no photosensitizer 
ROS   reactive oxygen species 
S. aureus  Staphylococcus aureus 
T1   lowest occupied photosensitizer triplet state 
(∆   singlet oxygen decay time 
TBO   Toluidine blue O 
TCSPC   time-correlated single photon counting 
TMPyP 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)-porphyrin tetra(p-toluenesulfonate) 
TPP 5,10,15,20-Tetraphenyl-21H,23H-porphine, meso-Tetraphenylporphyrin  
TPP-O-A 5-(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin 
TPP-O-B   5-[4-(6-Hydroxyhexoxy)-phenyl]-10,15,20-triphenylporphyrin 
TRPD   time-resolved phosphorescence detection 
 ()*    photosensitizer triplet state decay time 
UV   ultraviolet 
VIS   visible 
VR   vibrational relaxation 
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In this chapter a short introduction to the overall topic of this doctoral 
thesis is given, ranging from the complex of problems of antibiotics to 
efficiently kill pathogen microorganisms to describing antimicrobial 
photodynamic inactivation as an alternative treatment modality. The 
historical development is described in short, as well as the basic 
physical principles of photosensitizer and singlet oxygen. The 
development and studies on surfaces is outlined in regard to effective 
photosensitizing efficacy and their photophysical properties, and the 







1.1 PROBLEMATICS OF ANTIBIOTICS and ESCAPING MICRO-
ORGANISMS 
 
The widespread and inappropriate use of antibiotics in health system for diseases of man 
and the over-use in food industry for maintaining a low infection level and a fast animal 
growth in industrial livestock farming has provoked resistance patterns of both fungal and 
bacterial pathogens against these [1-6]. It might be no exaggeration to call it one of the main 
challenges for health care in the 21st century. Darwin's theory of selection pressure, in form 
of antibiotics having highly specific mechanisms of antimicrobial action, again gives credit to 
this genetic flexibility of these human pathogenic microorganisms [7, 8]. The World 
Economic Forum (WEF) concluded in their report on global risks that “arguably the greatest 
risk ... to human health comes in the form of antibiotic-resistant bacteria. We live in a 
bacterial world where we will never be able to stay ahead of the mutation curve” [9]. 
The most serious infections are caused by a group of microorganisms which are merged 
under the acronym “ESKAPE”, because this group of microorganisms has the ability to 
escape the effects of antimicrobial agents. These important pathogens are Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species [10]. This group of superbugs was 
extended by Peterson including Clostridium difficile as one of the most common hospital-
acquired infections [11] and especially pointing out that infections by Enterobacter E. coli 
currently account for ≈ 20% of all cases of bacteraemia in the United Kingdom [12]. Not only 
methicillin-resistant S. aureus (MRSA), but also the Enterobacter species have developed a 
broad-spectrum resistance against many classes of antibiotics. The eukaryotic fungus 
Candida albicans as the main agent for superficial skin mycosis has of course to be added to 
that list of 'escaping' microorganisms, since also within this pathogen resistance patterns 
became an increasing problem, especially in patients with immune deficiency [13]. 
The production and admission of new classes of antibiotics is a slow process outdistanced at 
the moment by the faster resistance development. Therefore, new alternative treatments 
are developed amongst which photodynamic treatment is one approach that has become 





1.2 ANTIBACTERIAL PHOTODYNAMIC TREATMENT and BASIC 
PRINCIPLES 
 
As an alternative treatment against microorganisms photodynamic inactivation (PDI) is 
described in this work. The pathogen is treated with a photoactive dye or photosensitizer in 
combination with light and in the presence of oxygen, which results in the formation of 
reactive oxygen species (ROS), such as singlet oxygen. Singlet oxygen is described to be one 
of the key agents in PDI [20-25] and in contrast to antibiotics, which act toxically specific as 
a single drug, in PDI not the photosensitizer drug, but singlet oxygen or other ROS react by 
oxidising the surrounding unspecifically.  
In the 1970's first treatments against cancer cells were reported with this method, but 
reports of the photodynamic action go back more than 100 years to the laboratories of Raab 
and Tappeiner, who discovered PDI by staining Paramecium caudatum with the 
photosensitizer Acridine orange and detected their death upon light exposure under 
involvement of oxygen [26, 27]. The physical background of photosensitizer activation with 
light and deactivation in the presence of oxygen was offered by Kautsky et al. [28, 29].  
Overviews of the basic PDI principle in regard to historical development and physical, 
chemical and biological aspects can be found to a great extent in literature [30] and Denis et 
al. give an outline of its development by additionally describing the main problems that PDI 
still has - despite its use as an anti-cancer agent - of gaining ground as a medical treatment 
against microorganisms [31]. The treatment or prevention of infectious diseases caused by 
microorganisms with PDI uses different acronyms, mainly aPDT for antimicrobial 
photodynamic therapy, PDI for photodynamic inactivation or PACT for photodynamic 
antimicrobial chemotherapy. The treatment is applied so far in dentistry as treatment of 
oral cancer, bacterial and fungal infections, or for the photodynamic diagnosis (PDD) of the 
malignant transformation of oral lesions [32-34]. PDI also represents a novel therapeutic 
approach in the controlling of biofilms, which are able to grow on variable surfaces, organic 
or non-organic [35-37].  
The usage of PDI in general might be split in therapy and prevention of infection with 
pathogens. As a therapeutic method for the decolonisation of infected wounds PDI might be 
a powerful medical treatment, if the structure of the photosensitizers is chosen selective 
enough to distinguish between human cells and pathogen with unique chemical binding 






In contrast to that, the preventive character of PDI gets increasingly in the focus of research, 
helpful against hospital-acquired infections but also in food industry [38-41]. The 
prevention of microorganisms from settling and growing on surfaces is a matter of great 
concern, since disinfection as such might then be obsolete. Therefore, a photosensitizer is 
linked or doped into a polymer and with the condition of sufficient oxygen permeability of 
the material singlet oxygen will be generated under light irradiation, can diffuse from the 
surface and induce the death of adherent microorganisms [37, 42-48].  
 
1.2.1 Generation and mode of action of molecular singlet oxygen 
The ground state of di-oxygen, , is a triplet state, with two unpaired electrons with 
parallel spins in a non-binding orbital. Thus, oxygen has paramagnetic properties and is a 
bi-radical. The bi-radical character and the double bond of the two oxygen atoms are 
illustrated best with   according to and extending the Lewis formulae [49]. Since the 
ground state is a triplet state the radical properties of oxygen are limited due to the spin-
conservation for chemical reactions. Singlet molecular oxygen, 
 , which is molecular 
oxygen in its lowest excited singlet state, therefore is highly reactive. This state has two 
electrons with antiparallel spin in one of its non-binding orbital. The existence of 
  was 
experimentally confirmed with its emission band  1270	 in the earth atmosphere and 
with oxygen in the liquid phase 5 years after the theoretical description by Mulliken [50]. 
The first direct spectroscopic detection of the decay of dissolved singlet molecular oxygen 
into its ground state in a solution of  was done by Krasnovsky et al. [51]. The detection 
of the decay of singlet oxygen is still challenging for low quantum yields and in some liquids 
due to the low signal-to-noise ratio of the luminescence signal at 1270	. According to 
Kasha the relaxation from singlet to triplet molecular oxygen is quantum mechanically 
forbidden, due to a violation of the conservation of the spin, the symmetry and the orbital 
angular momentum, which results in a metastable state and a relatively long lifetime of 
singlet oxygen on a typical time scale for chemical reactions [49, 52]. In solution a shorter 
lifetime of singlet oxygen is yielded due to perturbation.  
After the photoactivation of a photosensitizer with a light source with photons of an 
appropriate wavelength and thus energy (), the photosensitizer is promoted in an 
electronically excited state . The photosensitizer can then release the additional energy 
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1.3 SELF-DISINFECTING SURFACES and CURRENT STATE OF 
RESEARCH 
 
In order to stop or slow down transmission of microorganisms to new hosts, which results 
in the spread of infectious diseases, self-disinfecting surfaces using the PDI mechanism are 
in the focus of interest since several years and some reports are summarized in the 
following. The main methods to avoid contamination are cleaning or using disinfectants. 
With PDI-based surfaces, a photosensitizer is embedded in a transparent surface, thus can 
be activated by light and transfer its energy to oxygen to form ROS. Optimally, mainly singlet 
oxygen should be generated, because its gaseous properties lead to diffusion into the air 
surrounding the surface. An overview of examples of antimicrobial surfaces in the light of 
hospital-acquired infections is given by Page et al. [44]. There, different surfaces with the 
ability to kill microorganisms are presented like structures with embedded photosensitizers 
or release mechanisms or materials which kill pathogens upon direct contact [44]. In 
general, studies of polymer surfaces with embedded photosensitizers aim to answer the 
questions about 
- the duration of microorganism survival on surfaces,  
- the appropriate photosensitizer and irradiation lamp,  
- the ideal light doses and photosensitizer concentrations,  
- the photostability of surface and photosensitizer, 
- the exact mechanism of generation and decay of singlet oxygen and the involvement 
of other ROS 
- or the active photokilling or growth hindrance (phototoxic efficacy). 
Reports of bacterial cell number on surface hospitals reveal a rather low number of colony 
forming units ( ) per area. Ruatala et al. report bacterial densities between 4 
7	 	"# encountered on hospital surfaces of rooms occupied by patients with 
Staphylococcus aureus infections [71]. Therefore, it has to be defined what is considered as 
‘effective photokill’. 
 
1.3.1 Reported phototoxic efficacy of some PDI-surfaces 
Wilson et al. and Decraene et al. investigated cellulose acetate polymer films containing TBO 






24	 irradiation with white light (60	( domestic light bulb, 778	)*) and under exclusion of 
leaking effects of the photosensitizer from the material, a killing efficacy of 94% for EMRSA-
16 (10+	 	&# ≙ 0.4 - 10+	 	"#) and 99.9% for Pseudomonas aeruginosa 
(2 - 10+	 	&# ≙ 0.99 - 10+	 	"#) was obtained [42]. The group furthermore 
investigated Staphylococcus aureus, Escherichia coli, Clostridium difficile, and Candida 
albicans and concluded that different irradiation times lead to different killing activity; also a 
difference in the susceptibility of these microorganism strains was detected and killing 
efficacies of up to 6	/%

-steps were reported for an irradiation time of 16	 [73]. A test of 
these surface coating in a hospital for 24	 led to a killing percentage of organisms per hour 
of 63.8% for aerobic and 81.8% for anaerobic microorganisms [43]. 
Disinfection of water is one of the aims to reach with PDI-surfaces. Bonnet et al. describe a 
polymeric membrane which can be used for water disinfection [74]. There, the immobilized 
zinc phthalocyanine attached to a reinforced chitosan polymer membrane via a sulfonamide 
linkage provides a photomicrobicidal system using PDI. At contamination levels of up to 
10+	 	&# a kill of E. coli of more than 2	/%-steps (99%) was detected. 
Funes et al. investigated the photodynamic properties of a polymeric film containing 
5,10,15,20-tetra(4-N,N-diphenylaminophenyl)porphyrin and its complex with Pd(II) that 
were polymerized electrochemically. Singlet oxygen generation was determined with 
indirect measurements using 9,10-dimethylanthracene. The irradiation of the surfaces 
30	0 yielded a reduction of 2.5 and 3	/%-steps for C. albicans and E. coli, respectively, in 
vitro in aqueous cell suspensions [75].  
A basic question will remain, to which extent the phototoxicity is considered as ‘effective’, 
since the self-disinfecting surfaces are not disinfecting already existing microorganism 
colonies, but rather prevent the settling and growing of these pathogens. 
 
1.3.2 Singlet oxygen detection and decay of photosensitizer triplet state in polymer 
materials 
The assignment of the decay times of the excited photosensitizer triplet state and singlet 
oxygen from the directly detected singlet oxygen luminescence signals is still challenging 
due to complex deactivation mechanisms of photosensitizer and singlet oxygen. Early 
investigations of singlet oxygen decay and photosensitizer quenching in polymers were 




materials. They used direct IR-spectroscopy to detect singlet oxygen within the material but 
reported difficulties multi-exponential decay manner. A model was proposed to clarify 
photosensitizer triplet-state decay and decay of singlet oxygen stating an intrinsic single-
exponential decay of singlet oxygen and a multi-exponential decay of the excited 
photosensitizer triplet state [76]. 
Poulsen et al. investigated the time dependence of oxygen transport of a bilayer of two 
polymers. Therefore, the oxygen transport through poly(ethylene-co-norbornene) into a 
polystyrene polymer film was determined by the phosphorescence of singlet oxygen. This 
experiment showed the possibility to quantify the diffusion of oxygen [77]. 
Chirvony et al. studied the photophysical properties of matrices of nano-porous silicon 
impregnated with TMPyP as cationic or TPPS as anionic porphyrins. There, the ability of the 
material itself to transfer its energy directly to molecular oxygen to form singlet oxygen was 
reported as well. They described difficulties in detecting singlet oxygen directly by its 
luminescence, which was only possible for TMPyP. The fluorescence decay of the 
photosensitizers was reported to be non-exponential. They assume that singlet oxygen is 
effectively quenched on the surface due to electronic energy transfer to the high-frequency 
OH stretching vibrations of the SiOH surface groups [78]. 
Jesenska et al. investigated different polymeric nanofiber materials doped each with the 
photosensitizer 5,10,15,20-tetraphenylporphyrin (TPP) in regard to their property to 
generate singlet oxygen as well as their antibacterial activity against E. coli. They determined 
a dependency of the photokilling effect on the oxygen permeability or diffusion coefficients 
and reported a post-irradiation effect due to the presence of 1, which was besides 
  
another ROS being photogenerated [46]. 
These examples show in short the complexity of the matter of self-disinfecting surfaces and 










1.4 OBJECTIVES  
 
The main aim of this thesis was to clarify the photophysical and photobiological effects of 
different photosensitizers that are potential candidates for PDI. Therefore, the 
photosensitizers were investigated in regard to their ability to generate singlet oxygen and 
singlet oxygen was detected by an indirect method of the formation of tri-iodide upon 
contact of potassium iodide with singlet oxygen and direct NIR-spectroscopy at 1270	.  
By changing the properties of the surrounding of the photosensitizer and singlet oxygen 
such as a change of the oxygen, photosensitizer or quencher concentration, by investigation 
of photosensitizer and singlet oxygen in aqueous surrounding with and without cell 
physiological additives, incubated into microorganisms in suspension or formed as a 
biofilm-layer and doped into different types of polymer surfaces new insights into the 
photophysics of the different photosensitizers and the behaviour of singlet oxygen in these 
complex systems should be gained. The following main questions were addressed: 
- Which photosensitizers are suitable to be doped into surfaces? 
- To which extent are the photophysical properties of photosensitizers changed by the 
additives in cell physiological solution, such as phosphate buffered saline (PBS)? 
- Can the singlet oxygen signal generated by photosensitizers in or attached to cells 
give insight to the localisation of the photosensitizer? 
- Do the photosensitizers maintain their ability to generate singlet oxygen when 
doped into surfaces and can the singlet oxygen luminescence signals be interpreted 
in regard to oxygen concentration or diffusion behaviour and quenching kinetics of 
the photosensitizer? 
- To which extent are the created surfaces effective against microorganisms? 
To answer these questions, different techniques were applied like absorption spectroscopy, 
direct detection of singlet oxygen and the characterisation of its luminescence. These 
techniques were used furthermore to investigate the uptake of photosensitizers into 
microorganisms and the effect on the singlet oxygen generation within cells. Microbiological 
experiments included irradiation of photosensitizers in solution or linked to surfaces with 
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The chapter describes the experimental setups and techniques used in 
order to investigate the light-induced photophysical behaviour of the 
photosensitizers in different surroundings and their phototoxic 
efficacy against microorganisms. Details of the spectroscopic analysis 
of the biologically relevant dyes in solution with water, incubated in 
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The quantum yields (Ф∆) of the new derivatives of MB were compared to the ФΔ of MB 
which is reported in literature being Ф∆ 	 0.52 in aqueous solution [10]. 
Except simple substituents like alkyl or hydroxyalkyl residues, nearly no modifications of 
the phenothiazinium derivatives were pursued at the auxochromic sites. A set of six mainly 
novel MB derivatives were prepared with the ability of additional hydrogen bonding and/or 
additional cationic charges to study the effect of the substituents on their activity, e.g. 




















































































C19H24N4SCl2 340.49 (+2$ 35.45) 
 
 
2.1.1.4 Photosensitizers doped into polyurethane 
The porphyrin- and the phenalenone-derivatives (synthesized by Dr. Andreas Späth, 
Institute of Organic Chemistry, University of Regensburg, Germany) were mixed with the 
coating material (PU) and applied to the substrate (PMMA) by the company Warnecke & 
Böhm. The aim was to polymerize the PSs irreversibly into a polymer by changes of the side 
chains and with keeping the basic photophysical properties of the dyes. TPP is not water-
soluble, a premise for surfaces that will be in contact to  due to incubation with bacteria. 
Side chains were added to the basic chemical structures of the photosensitizers (PN, TPP) 
that linked to the basic polymer surface material Polyurethane (PU). Per se PN-O-A and –B 
are water-soluble but modified side chains to link with PU should prevent leakage. 
The following figures show the chemical structure formulas for the photosensitizers that 
were doped into PU. In the case of TPP-O-A the side chain of the ring system of TPP is an 
additional hydroxyl-group %&). To enhance the solubility in PU further, TPP-O-B has a 
hexyl-spacer between the chromophore and the hydroxyl-group. At both PN-O-A and –B a 





























































A solution of 4-hydroxybenzaldehyde (8.79	; 71.9	) and benzaldehyde (24.0	', 
24.7	) in propionic acid (700	') was heated to nearly reflux. To the yellow solution 
was added dropwise a solution of pyrrole (18.0	', 26.0	) in propionic acid (20	'). 
The reaction mixture was stirred under reflux for 1.5	(. After cooling, propionic acid was 
evaporated in vacuo. The dark residue was filtered through a silica column with  
(DCM, Rf = 0.2) as eluent. The solvent was again evaporated under reduced pressure. Next, 





the dark solid was recrystallized from EtOH, followed by another column purification with 
 as eluent, to yield a violet solid (1.8	, 29.0	, 4% relating to 4-
hydroxybenzaldehyde). 
M = 630.74 g/mol; - 1H-NMR (400 MHz; CDCl3): δ [ppm] = 8.88 (d, J = 4.8 Hz, 2H); 8.85 (d, J = 
6.2 Hz, 6H) 8.22 (dd, J = 1.6 Hz, J = 7.8 Hz, 6H), 8.08 (m, 2H), 7.76 (m, 9H), 7.20 (d, J= 8.4 Hz, 
2H); - 13C-NMR (75 MHz, CDCl3): δ [ppm] = 155.4 (1C), 142.2 (3C), 135.7 (2C), 134.6 (6C), 




To a solution containing HO-TPP (730	, 1.15	) and 6-hydroxyhexyl 4-
methylbenzenesulfonate (468	, 1.72	) in 14	' of DMF, 480	 K2CO3 (3.34	) 
and 285	 )* (1.72	) were added. The reaction mixture was heated to 80° and was 
stirred for 2	(. After cooling to room temperature, the reaction mixture was diluted with 
+,-. and washed with water and brine. The organic layer was dried over / and 
concentrated under reduced pressure. The purple residue was purified by column 
chromatography (DCM/PE, 2/1; Rf DCM/PE, 2/1 = 0.2) to give the product as a purple 
glimmering solid (674	, 0.92	, 80%). 
M = 732.91 g/mol; - 1H-NMR (400 MHz; CDCl3): δ [ppm] = 8.87 (d, J = 4.8 Hz, 2H); 8.84 (d, J = 
6.2 Hz, 6H) 8.23 (dd, J = 1.6 Hz, J = 7.8 Hz, 6H), 8.11 (m, 2H), 7.77 (m, 9H), 7.23 (d, J = 8.4 Hz, 
2H), 4.22 (t, J = 6.5, 2H), 2.01 (t, J = 6.6, 2H), 1.68 (s, 1H), 1.2 – 1.56 (m, 6H); - 13C-NMR (75 
MHz, CDCl3): δ [ppm] = 159.2 (1C), 142.3 (3C), 135.6 (2C), 134.6 (6C), 134.3 (1C), 127.7 
(2C), 126.7 (9C), 120.1 (8C), 113.7 (8C), 68.4 (1C), 32.0 (1C), 29.8 (1C), 29.7 (1C), 26.3 (1C), 
22.7 (1C); - IR: ν [cm-1] = 3579 (w), 3317 (w), 3027 (w), 2920 (m), 2858 (m), 1596 (w), 
1471 (s), 1243 (s), 1174 (s), 964 (s), 798 (s), 731 (s), 701 (s); - UV-vis (DCM): λmax (Soret) = 
418 nm; λmax (Q) = 514 nm, 551 nm, 590 nm, 648 nm; - EI-MS m/z (%): 732.91 [MH+]; 
 
PN-O-A 
2-Chlormethyl-1H-phenalen-1-one (230	, 1	) in N,N-dimethylaminoethanol (1.78	, 
2.0	', 20	) was stirred for 48	(. Diethylether (30	') was added, the precipitate was 




(1	') and precipitated with diethylether (30	'). It was allowed to settle and the solvents 
were decanted off. The residue was dried under reduced pressure to give 248	 of pure 
yellow solid. 
M = 311.2 g/mol; - 1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.67 (dd, J = 1.2 Hz, J = 7.4 Hz, 1H), 
8.24 (dd, J = 1.0 Hz, J = 8.1 Hz, 1H), 8.06 (dd, J = 0.6 Hz, J = 8.2 Hz, 2H), 7.80 (dd, J = 7.0 Hz; J = 
1.2 Hz, 1H), 7.64 (dd, J = 7.0 Hz; J = 1.2 Hz, 1H), 7.18 (s, 1H), 4.76 (s, 2H), 4.12 (m, 2H), 3.66 
(m, 2H), 3.21 (s, 6H), 2.31 (bs, 1H), 1.1 – 1.3 (m, 2H); - 13C-NMR (75 MHz, CDCl3): δ [ppm] = 
183.3 (1C), 149.3 (1C), 134.2 (1C), 133.7 (1C), 130.9 (1C), 128.3 (1C), 127.6 (1C), 127.3 (1C), 
126.8 (1C), 126.0 (1C), 65.7 (1C), 61.6 (1C), 55.0 (1C), 50.4 (2C); - IR: ν [cm-1] = 3310 (bs), 
3030 (m), 2957 (w), 1622 (s), 1618 (s), 1566 (s), 1511 (m), 1477 (m), 1437 (m), 1406 (m), 
1362 (m), 1257 (m), 1191 (m), 1127 (w), 1078 (m), 985 (m), 937 (m), 903 (m), 841 (w), 
791 (s), 771 (m); MS (ESI): m/z = 282.1 (M+); 
 
PN-O-B 
2-Chlormethyl-1H-phenalen-1-one (230	, 1.0	) in acetonitril (20	') was added 
dropwise to a solution of 3-aminopropanol (1.5	', 20	) in acetonitril (50	') over a 
period of 30	01. After stiring at room temperature overnight, triethylamine (2.02	, 
2.66	', 20	) was added and the solution was cooled in an ice bath. Acetic anhydride 
(3.06	, 2.83	', 30	) was added dropwise at 0°. The mixture was stirred for two 
hours at room temperature, then heated to 50° for 1	(. All volatiles were evaporated in 
vacuo. The product was purified by column chromatography with dichloromethane / 
ethanol 20:1 to give 261	 of yellow syrup. This material was dissolved in methanol 
(2	'). Aqueous sodium hydroxide (1	, 0.5	') was added and the solution was stirred 
overnight at room temperature. The alcohol was evaporated, the residual solution was 
diluted with water (10	') and the product was extracted with dichloromethane 
(2 $ 	10	'). The organic solution was dried over /, filtered and evaporated to 
dryness to give the product as yellow oil (215	, 69 %, 0.69	). 
M = 311.2 g/mol; - 1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.69 (dd, J = 1.2 Hz, J = 7.4 Hz, 1H), 
8.26 (dd, J = 1.0 Hz, J = 8.1 Hz, 1H), 8.08 (dd, J = 0.6 Hz, J = 8.2 Hz, 1H), 7.78 – 7.90 (m, 2H), 
7.62 (dd, J = 7.0 Hz; J = 1.2 Hz; 1H), 7.51 (s, 1H), 4.65 (s, 2H), 3.83 (bs, 1H), 3.66 (t, J = 5.6 Hz, 
2H), 3.59 (t, J = 5.6 Hz, 2H), 2.16 (s, 3H), 1.78 (m, 2H); - 13C-NMR (75 MHz, CDCl3): δ [ppm] = 
184.7 (1C), 173.2 (1C), 140.2 (1C), 136.6 (1C), 135.6 (1C), 134.1 (1C), 132.2 (1C), 132.0 (1C), 
131.9 (1C), 130.8 (1C), 128.9 (1C), 127.1 (1C), 127.0 (1C), 126.8 (1C), 58.2 (1C), 47.6 (1C), 





42.1 (1C), 30.1 (1C), 21.4 (1C); - IR: ν [cm-1] = 3397 (bs), 2930 (w), 2877 (w), 1620 (s), 1570 
(s), 1476 (w), 1426 (m), 1406 (m), 1362 (m), 1245 (m), 1183 (m), 1057 (m), 986 (m), 910 
(m), 846 (w), 781 (s), 731 (m); MS (ESI): m/z = 310.1 (MH+); 
 
2.1.2 Solvents and salts 
For all experiments  (Millipore water, bidistilled water) or EtOH (Ethanol Absolute, J.T. 
Baker, Deventer, Netherlands, purity 99.9%) was used as the respective solvent. Phosphate 
buffered saline (PBS; PAA Laboratories GmbH, Pasching, Austria) with a 2 value between 
7.0 and 7.5 has been used for experiments with microorganisms to guarantee their vitality 
and in order to investigate effects on the spectroscopic properties of the photosensitizer 
XF73. The constituents of PBS, the salts and phosphates 34 (0.14	), ) (2.7 5 106	), 
347 (1.0 5 10	), )7 (1.8 5 106	) have been purchased by Sigma Aldrich. 
 
2.1.3 Quencher 
Quenchers are molecules that deactivate the excited states of excited molecules during 
collision by different mechanisms such as energy transfer or chemical reaction of collision 
partners. In case one molecule is the photosensitizer, oxygen may quench the triplet-T1-
state of the excited PS yielding singlet oxygen. The excitation energy of a singlet oxygen 
molecule can be transferred to another quencher such as sodium azide (3436), which 
quenches specifically singlet oxygen with a high quenching rate constant close to a diffusion 
controlled limit value. The action of a singlet oxygen quencher yields an enhancement of the 
deactivation rate constant and thus a shorter lifetime 8∆ of singlet oxygen. Nevertheless 
3436 is also able to quench the excited singlet and triplet states of the photosensitizer to 
some extent, however, the quenching rate constant is usually smaller than for singlet oxygen 
[12]. In  3436 dissociates into a sodium cation 349 and the functional singlet oxygen 
quenching part, the azide 36. 
In contrast to sodium azide, the quencher D-Mannitol specifically quenches the hydroxyl 
radical. The quencher sodium azide (3436,  	 65.01		, purity > 99%) and D-






2.1.4 Potassium iodide 
Indirect detection of singlet oxygen was performed with potassium iodide ()*). This 
substance reacts with singlet oxygen via the following mechanism, which was described by 
Mosinger et al. [13, 14]. 
 : * : 
;<=>??@ * 9A
=
>?@*→* :   
9A=,9<C;>?????@ *6 :  : 
In slightly acid buffered solution, the reaction might follow the step below: 
 
 :2* : 29
<C;>???@ *
A=→*6 
Sc. 2.1:  Chemical schemes of the reaction pathway of iodine with singlet oxygen. 
In water the reaction of singlet oxygen and the iodine anion results in the formation of tri-
iodide *6. During this process hydrogen peroxide, , is generated which can react 
further with *. Therefore, it is important to notice that in principle also  can react with 
* in order to form tri-iodide. For all investigations )* was dissolved in  with a 
concentration of 0.12	. The characteristic absorption maxima for the formation of tri-
iodide were detected in the ultraviolet EM-spectrum at 287	1 and 350.5	1. 
  





2.2 SURFACES AND THEIR MANUFACTURING 
 
The main part of the PhD thesis was to produce different surfaces in order to investigate 
their photodynamic effectiveness against microorganisms and to use spectral methods to 
clarify the photophysical properties of each surface. Prior to its use in surfaces, the dyes 
were investigated in solution that represents a simple approach for a better understanding 
of the photophysical properties and the change after the polymerisation process.  
 
2.2.1 PS in Cellulose acetate (CA) 
Cellulose acetate surfaces were doped with the photosensitizers MB, TMPyP or TPP using 
the preparation scheme similar to the procedure presented in Decraene et al. [15]. 360	 
of powdered cellulose acetate (Sigma Aldrich) and 7	' acetone were added to a flat-
bottom glass petri dish with a diameter of 5	., resulting in a concentration of 
approximately 50		'. The photosensitizers MB and TMPyP were dissolved in acqua 
dist., TPP was dissolved in benzene, each with the appropriate concentration in order to 
have a final concentration of 250, 100, 50, 25, or 10	μ before the drying process of the 
surface. For a homogeneous distribution of the photosensitizer in the surface the glass petri 
dishes were under constant movement of an orbital shaker for 24	( and were covered with 
a glassy cover plate to slow down the evaporation process. After 48	( the polymeric films 
were finally hardened and carefully unhinged from the petri dish. 
 
2.2.2 PS in Polyurethane (PU) covering poly-methylmethacrylate (PMMA) 
Polyurethane components are based on the linking of hydroxy groups (&) with 
isocyanates (&3) as illustrated in the following scheme 2.2. In the varnish, branching 
alcohols with at least three hydroxyl groups are used in order to create 3-dimensional 
networks. A photosensitizer with at least one hydroxyl group therefore can be linked and – 
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 s 1·10-4 50 
1B m 2·10-4 45 
 s 2·10-4 45 
1C m 1·10-5 30 
 s 1·10-5 30 
1D m 5·10-5 35 




 s 1·10-4 35 
2B m 2·10-4 30 
 s 2·10-4 30 
2C m 1·10-5 35 
 s 1·10-5 35 
2D m 5·10-5 45 




 s 1·10-4 40 
3B m 2·10-4 45 
 s 2·10-4 45 
3C m 1·10-5 35 
 s 1·10-5 35 
3D m 5·10-5 35 




 s 1·10-4 35 
4B m 2·10-4 40 
 s 2·10-4 40 
4C m 1·10-5 40 
 s 1·10-5 40 
4D m 5·10-5 45 
 s 5·10-5 45 
 
Tab. 2.1: Summary of the PU polymer plates samples with different concentrations of the photosensitizers TPP-O-





2.3  BASIC TECHNIQUES 
 
2.3.1 Absorption spectroscopy 
Absorption spectra were recorded at room temperature with a spectrophotometer (DU640, 
Beckman Instruments GmbH, Munich, Germany). The percentaged transmission has been 
measured and the absorption cross section F G.H was calculated according to the 
following equation 
Eq. 2.1 
F 	 & ln
K L100M
. ∙  ∙ 3O  
where . the concentration of PS,  the length of light path through the solution, L the 
transmission in %, and 3O the Avogadro constant. The function and measurement 
techniques of the spectrometer can be found in detail in [1]. 
 
2.3.2 NMR spectroscopy 
The NMR spectra were recorded on a Bruker Avance 600 (1H: 600.1	P, 13C: 150.1	P, 
L 	 300	)), Bruker Avance 400 (1H: 400.1	P, 13C: 100.6	P, L 	 300	)) or Bruker 
Avance 300 (1H: 300.1	P, 13C: 75.5	P, L 	 300	)) relative to external standards. NMR 
spectra were recorded in Q6 at 300	P (1H) or 75	P (13C) unless stated otherwise.  
Integration  was  determined  as  the  relative  number  of  atoms and the  coupling  
constants  are  given  in Hertz  [P]. The multiplicity of the carbon atoms is given as (+] = 
6 or , (-] =  and (Cquat) for quaternary carbon atoms. Structural assignments are 
based on DEPT and COSY experiments where applicable. The errors of the reported values 
are given the chemical shift as 0.01	22 for 1H-NMR, as 0.1	22 for 13C-NMR and as 0.1	P 
for coupling constants. The solvent used is reported for each spectrum. 
  





2.4  TIME-RESOLVED OPTICAL TECHNIQUES 
 
2.4.1 Time-correlated single photon counting 
Time-correlated single photon counting is a common technique that is used to determine 
the decay time or the lifetime of excited singlet or triplet states. Therefore, single photons 
emerging from a sample are collected after excitation of molecules (photosensitizers) by 
periodically pulsed light at a high repetition pulse rate. The photons are collected with a 
photomultiplier tube (PMT) and give a time-resolved histogram of single events. 
 
2.4.2 Time-resolved NIR phosphorescence detection 
In order to detect the formation and decay of singlet oxygen, the technique of time-resolved 
near-infrared phosphorescence (NIR) detection was used, which is based on time-correlated 
single photon counting. With this method the decay time 8∆ of singlet oxygen and the excited 
triplet state of the photosensitizer (8R) can be detected, as well as the singlet oxygen 
quantum yield Ф∆ which describes the effectivity of the generation of singlet oxygen.  
Two types of lasers were used for excitation of the photosensitizers: 
(1) a diode-pumped solid-state Q-switched Nd:YAG laser (Photon Energy AWL GmbH, 
Ottensoos, Deutschland), which works at a 2	SP or 5	SP repetition rate, producing 
laser pulses of 60	1T pulse width at either 355	1 or 532	1 and variable power 
output between 0– 100	 and  
(2) a tunable laser system (EKSPLA, Lithuania), which works at a 1	SP repetition rate 
with laser pulses of 4 & 7	1T pulse width at different wavelengths. At each 
wavelength the laser power was different and will be mentioned for each 
experimental section. 
Figure 2.2 shows the experimental setup for the direct detection of the singlet oxygen 




Fig. 2.2:  Experimental setup of the direct detection of the singlet oxygen luminescence
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the rise and decay time can change depending on the oxygen concentration [17]. For the 
optimisation of the fit, the Levenberg-Marquardt-algorithm of Mathematica (V. 5.2, Wolfram 
Research, Champaign, USA) was used. The exact mathematical descriptions and deviation of 
the formula for the luminescence intensity using the rate and rate constants can be found in 
Baier et al. [17]. 
When changing the oxygen concentration the quenching rate Sc  for the excited triplet state 





8X : Sc ∙ GH 
The integral of the luminescence intensity d *%,Ye,	is proportional to the luminescence 
energy and has been used to estimate the singlet oxygen quantum yield. This integral is 
compared to the integral of the luminescence generated by a photosensitizer with known 
quantum yield at the same conditions (reference photosensitizer), i.e. the same irradiation 
wavelength, irradiation power, irradiated volume, and percentaged absorption. Then the 
quantum yield of the sample can be calculated as follows, when the sample and the 
reference photosensitizer absorb the same amount of energy: 
Eq. 2.4 
Ф∆fghijk 	 Ф∆lmhignofmp ∙
d *fghijk%,Ye,
d *lmhignofmp%,Ye, 
Nevertheless the molar concentration, possibly resulting in a dimerisation processes or 
shielding effect, are not taken into account, which might influence as well the ability to 
generate singlet oxygen. Since with the tuneable laser the photosensitizer can be irradiated 
at its absorption maximum the molar concentration can be adjusted to small values 
(q 	1	μ) and therefore a dimerisation process might not occur yet. 
The luminescence signal was spectrally resolved using interference filters in front of the 
photomultiplier tube at different wavelengths ranging from 1150– 1400	1. The values in 
each plot show the integrated luminescence signals detected at a certain wavelength and are 
normalized to the maximal value. A Lorentz-shaped curve has been fitted through the 
measured values yielding a maximum in the wavelength range of 1270 & 1276	1. 
The samples of photosensitizers in solution were irradiated in quartz cuvettes (QS-101, 




concentration in the solution was determined with a needle sensor (MICROX TX3, 
Microsensor Oxygen Meter, PreSens GmbH, Regensburg, Germany).  
For experiments with different oxygen concentrations, the polymeric samples containing 
the photosensitizers were positioned in the quartz cuvettes, for all other experiments, the 
samples were fixed with a holder in front of the PMT with an angle of q 45°. The surfaces 
were investigated in air at a room temperature of 25° and pressure of 1013	(74. It was not 
possible to measure the oxygen concentration in the polymeric samples. 
The bacteria or fungi cells were investigated in either acryl cuvettes or polystyrene Petri 
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2.7  MICROBIOLOGICAL TECHNIQUES 
 
2.7.1 Microbial strains 
Three different microorganisms were used for the investigation of photosensitizers in cells 
or the phototoxic efficacy of PS in solution or on surfaces. Bacteria are assigned to Gram(+) 
and Gram(-) species reflecting the differences in the cell wall structure. The very common 
bacteria strains, the Gram(+) Staphylococcus aureus (ATCC 25923) and the Gram(-) 
Escherichia coli (ATCC 25922), were received by the Institute of Microbiology und Hygiene 
of the University Hospital Regensburg. 
Candida albicans is a fungal pathogen, which already showed resistances against commonly 
used fungicides. C. albicans strain (ATCC-MYA-273) was received by the Institute of 
Microbiology und Hygiene of the University Hospital Regensburg. 
 
2.7.2 Culture conditions 
The bacterial strains S. aureus (ATCC 25923) and E. coli (ATCC 25922) were grown 
aerobically at 37° for 16	( overnight in 5	' Mueller-Hinton broth (Gibco Life 
Technologies GmbH, Eggenstein, Germany). When the cultures reached the stationary phase 
of growth the bacteria were harvested by centrifugation (200g, 10	01), washed with 
phosphate-buffered saline (PBS; Biochrom, Berlin, Germany) at 2	7.4, and suspended in 
PBS at an optical density of Q 	 0.6 at 600	1, which corresponded to 
q 10v– 10w	xy	'. Cell suspensions were incubated in the dark with the desired amount 
of PS for a given period of time. The cells were then washed two times with PBS and re-
suspended in PBS or non-washed. 
The C. albicans strain ATCC-MYA-273 was grown overnight in Sabouraud Dextrose Broth 
medium (SDB, Sigma Chemical Co., St. Louis, Mo) at 37°. When the cultures reached the 
stationary phase of growth, the cells were harvested by centrifugation (3100 rpm, 5	01) 
and washed once with PBS.  
For biofilm formation, C. albicans cells were diluted in 25% of fetal bovine serum (FBS) to 
10z	xy	'. The cells were transferred to cell culture dishes (Petri dish, 35 $ 10	, 
Cellstar, Frickenhausen, Germany) and incubated for 24	( at 37° to allow biofilm 
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The commonly used phenothiaziniums MB, NMB, DMMB, and TBO 
were investigated with spectroscopic methods in regard to their 
photophysical characteristics, including the generation of singlet 
oxygen. The quantum yields of these photosensitizers were 
determined with direct spectroscopy for different concentration 
ranges. Newly synthesized derivatives of MB were characterized in 
regard to the generation of singlet oxygen and tested on the ability to 
act as a photosensitizer for aPDT in order to deactivate the Gram(+) 
and Gram(-) species S. aureus and E. coli in suspension. 








Methylene blue (MB) and its derivatives were proven to be effective photosensitizers for the 
inactivation of pathogens in suspension [1-3], e.g. Candida species [4, 5], E. coli [6, 7], S. 
aureus [8] and MRSA [9], tropical diseases [10] or several viruses [11, 12], and therefore 
finds its application in antimicrobial fields, like blood disinfection [13-16]. In vivo the 
phenothiazinium chromophore system is used with benefit against oral infections [17] 
performing photodynamic root channel disinfection [18-21] or treatment of periodontitis, 
inactivating bacteria like E. faecalis [22], P. gingivalis [23] or A. actinomycetemcomitans [24]. 
As “state of the art” it may be given, that MB and its derivatives like 1,9-dimethylmethylene 
blue (DMMB), toluidine blue O (TBO) and new methylene blue (NMB) can achieve a log 
reduction > 6 -steps of a bacterium at fluences ranging from 0  30	
, using a 
fluence rate of 125	 in a concentration range of 2  10	 in suspension [25]. 
The knowledge about the complex chemical and spectroscopic properties of 
phenothiazinium photosensitizers is still ambiguous that prevents a broad understanding of 
their role in antimicrobial photodynamic therapy (aPDT). The basic mechanism of action in 
aPDT is of mixed nature where type-I, type-II and redox reactions are considered to be the 
cause of toxic effects, triggered by light. The preferred mechanism depends on several 
factors like the concentration of the photosensitizer and therefore its dimerisation status 
[26], the pH-value of the surrounding [27], or the redox potential. On the one hand, the 
property of phenothiaziniums to generate singlet oxygen via type-II reaction is used as an 
explanation for the effective killing of several gram-positive and gram-negative bacteria 
strains, which were extensively investigated by Wainwright et al. [7, 8, 28] These papers 
report rather high singlet oxygen quantum yields of > 0.45 [27, 29-33]. On the other hand, 
the presence of the hydroxyl radical • by irradiation of MB has been shown by Garcez et 
al. indicating a type-I mechanism [34] and proposed to be the dominant antibacterial 
mechanism of action against bacteria. A phototoxic effect and oxidation of cysteine sulfinic 
acid, that were formerly ascribed to singlet oxygen, have been described to be paradoxically 
enhanced by  [34-36], which is a singlet oxygen quencher. The role of MB monomers 
and dimers in photokilling of bacteria has been elucidated by Usacheva et al. by correlating 
the formation of dimers in the presence of bacteria and the photobactericidal efficacy [37]. 
The phenothiazinium derivatives MB and TBO have been described as agency to act in 
photoactive surfaces by Wilson et al. [38-40] and Wainwright et al. [41]. Due to the different 
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phototoxic mechanisms the action as a singlet oxygen generator in surfaces needs to be 
clarified. 
The indirect method of the reaction of singlet oxygen with 1,3 diphenylisobenzofuran 
(DPBF) and a subsequent monitoring of its decrease in the fluorescence intensity 
(, !"#$%&'%('% ) 455	+) after the reaction with singlet oxygen is used frequently to 
measure the efficiency of singlet oxygen generation by phenothiaziniums [42, 43]. But the 
influence of DPBF on the investigated system, a necessarily perfect localisation of this probe 
and reactions with other ROS cannot be excluded with this method [43]. Therefore the 
quantum yields of MB and the frequently used derivatives NMB, DMMB and TBO were 
investigated in this work with direct spectroscopic detection of the luminescence of singlet 
oxygen at  ) 1270	+. 
During the investigations on the photophysical properties of the phenothiazinium series, the 
excitation laser (Nd:YAG laser) with a fixed wavelength of  ) 532	+ was replaced by a 
tunable laser system, whereby a wavelength could be chosen to irradiate MB or its 
derivatives at its absorption maximum. To investigate the quantum yields with excitation at 
532	+ had required the use of much higher photosensitizer concentrations in comparison 
to irradiation at the optimal wavelength in the respective absorption maximum (from 
600  664	+) with concentrations in the range of 1	μ. Using the new setup it was 
possible to investigate the effect of photosensitizer dimerisation on the efficacy of the 
singlet oxygen generation. 
 
New MB-derivatives 
New phenothiazinium derivatives have been developed to investigate a structure-response-
relationship of the side chains of the molecules regarding efficacy of singlet oxygen 
generation, adhesion at the bacterial cell wall, and uptake into bacteria cells. Owing to its 
structure, MB can penetrate cells and can be used as a staining agent in histology [44, 45] or 
as a chemotherapeutic [46-49]. Binding with cytoplasmic structures within the cell and 
interference with oxidation/reduction processes [50, 51] may lead to killing of bacteria, 
funguses, viruses or parasites. 
Although MB and its alkyl- and aryl-derivatives are well studied [52-55], not many 
approaches followed variations of the structure beyond simple modifications [56]. For 
example, the effect of additional positive charges on the antimicrobial activity and the 
influence of such substituents on the singlet oxygen yield have not been investigated yet. A 





comparison of such photosensitizers with related hydrogen bond acceptor moieties, thus 
also strongly increasing polarity is lacking, as well as the direct spectroscopic determination 
of the group’s influence on the singlet oxygen quantum yield. More polarity in the structure 
should cause the molecules to stay outside cell causing only photodynamic damage of the 
cell wall. Positive charges in addition may lead to better attachment to the exterior of the 
cell, resulting in shorter process times and higher antimicrobial activity in comparison to 
MB. Attack from outside the cell also overcomes the problem of reduced photosensitizer 
activity by efflux mechanisms [57]. 
The synthesis of MB and its derivatives was summarized [32] and the preparation of 
phenothiazinium systems with additional positive charges for other purposes was 
demonstrated [58], but a straight forward, reliable purification protocol without the use of 
expensive HPLC methods is still missing. 
We focused on the synthesis and study of new MB-derivatives with highly polar and/or 
hydrophilic groups, to extend the field of highly hydrophilic phenothiazinium compounds in 
aPDT. One substituent in the MB lead structure was changed in order to achieve pursuable 
variations of the behaviour of the compound. 
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3.2 EXPERIMENTAL SECTION 
 
3.2.1 Time- and spectrally resolved singlet oxygen luminescence 
Time resolved measurement was done according to the description in chapter 2. For the 
spectrally resolved luminescence detection the Lorentz-shaped function was fitted through 
the data points yielding a maximum at  ) 1275	+ [59]. 
 
3.2.2 Quantum yield of singlet oxygen formation 
The emitted singlet oxygen luminescence photons were proportional to the integral of the 
luminescence curve and a mean value was determined for 3 independent measurements for 
the same conditions. In this study the lifetime of singlet oxygen is assumed to be constant 
for the chosen solvent. 
 
MB, TBO, NMB and DMMB 
The singlet oxygen quantum yield was determined with direct spectroscopic methods for 
MB, TBO, NMB and DMMB using different reference photosensitizers, PNS and TMPyP, with 
known quantum yields (see chapter 2). Each sample was irradiated with a wavelength that 
fitted its absorption maximum. 33 000 laser pulses at a repetition rate of / ) 1	01, which 
equals an irradiation time of 33	2 was used to irradiate the photosensitizers in solution of 
 which was air saturated (34 ) 270	). All photosensitizers were dissolved yielding 
similar absorption of radiation in a 10	 quartz cuvette. The power of the tuneable laser 
system changes with the used wavelength and thus neutral glass filters were used to adapt 
the applied power. A variation of at least 3 different filters was used to vary the laser power 
and thus the absorbed energy. 
 
New MB-derivatives 
The quantum yields (Ф∆) of the new derivatives of MB were compared to the ФΔ of MB 
which is reported in literature being Ф∆ ) 0.52 in aqueous solution [60]. Therefore a sample 
of each photosensitizer was diluted to a final absorption of 8 ) 30% at  ) 600	+ in . 





3	: ( concentration at air-saturation at 25°<) of each sample was illuminated in a quartz 
cuvette (path length of 1	) with the tunable laser. 
 
3.2.3 Photostability 
The photosensitizers were diluted to a final absorption of 8	 ) 	30% at the wavelength of 
	 ) 	600	+. The samples were irradiated in quartz cuvettes at a path length of 1 cm with 
the tunable laser at the given parameters with 180 000 laser pulses during magnetic 
stirring. After the irradiation absorption spectroscopy was done in the range from 
200  1	000	+ and the data was compared to the non-illuminated samples. 
 
3.2.4 Bacterial strains 
The biochemical analysis of each bacteria strain was done by a VITEK2-System (bioMérieux, 
Nürtingen, Germany) according to NCCLS (National Committee for Clinical Laboratory 
Standards) guidelines. The bacterial strains, S. aureus (ATCC 25923) and E. coli (ATCC 
25922) were grown aerobically at 37°< in Mueller-Hinton broth (Gibco Life Technologies 
GmbH, Eggenstein, Germany). A 500	μ: portion of an overnight cell culture (5	:) was 
transferred to 50	: of fresh BHI media and grown at 37°< on an orbital shaker. When the 
cultures reached the stationary phase of growth, the cells were harvested by centrifugation 
(200 g, 15	=+), washed with phosphate-buffered saline (PBS; Biochrom, Berlin, Germany) 
at > ) 7.4, containing 2.7	 ?< and 0.14	 < and suspended in PBS at an optical 
density of @ ) 0.6 at 600	+ corresponding to A 10B– 10D	<EF	: for the use in the 
phototoxicity experiments.  
 
3.2.5 Light source 
The bacteria were illuminated using an incoherent light source PDT1200 provided by 
Waldmann Medizintechnik (Villingen-Schwenningen, Germany) which covers partially the 
absorption spectrum of MB and its derivatives (fig. 3). The normalized emission spectrum of 
the light source was provided by Waldmann Medizintechnik. The maximal fluence rate at 
the level of the illuminated samples was 50	. The samples were illuminated for 
10	=+ (30	
). In order to estimate the effectiveness of the uptake of the light energy 
by the different derivatives the values of the emission spectrum “H” was folded with the 
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values for the absolute absorption “8J2” for the spectral region between 500  800	+. 
According to the following formula an “effective toxicity” (“Eff.Tox.”) was predicted for each 
derivative:  
Eq. 3.1: 
H//. LM. ) 	N O HP
B(
PQR(
∙ 8J2PT ∙ Ф∆ 
Here, it has been taken into account that the effectively absorbed energy (i.e. the sum of the 
product of emission and absorption) of every photosensitizer is used partially to generate 
singlet oxygen. Therefore, also the quantum yield Ф∆ was multiplied to the absorbed energy. 
The results, given as percentage values, are listed in table 3.13. 
 
3.2.6 Phototoxicity assay of the bacteria 
A bacterial cell number of 10B  10D	<EF	: was incubated for 10	=+ in the dark with 
different concentrations of MB-based photosensitizers (0, 1, 10, 50, and 100	μ). At the end 
of the incubation period, the cells were transferred into a 96-well microtitre plate 
(200	μ:/well) and illuminated for 10	=+ (50	; 30	
). Controls were neither 
sensitized with a photosensitizer nor exposed to the light source, or were incubated with 
the photosensitizer only. After illumination, the survival of the bacteria was determined by 
CFU assay. Serially diluted aliquots of treated and untreated (no photosensitizer, no light) 
cells were plated on Mueller-Hinton agar and the numbers of <EF	: were counted after 
24	U of incubation at 37°<.  
 
3.2.7 Data analysis and statistics for cell experiments 
Each individual experiment was performed at least in triplicate. All primary data are 
presented as means with standard deviation of the mean. A reduction of at least 3 orders of 
magnitude of  viable median numbers of bacteria cells was considered biologically 
relevant with regard to the guidelines for hand hygiene [61]. 
 
 





3.3 RESULTS & DISCUSSION 
 
MB, TBO, NMB, DMMB 
The literature-known substances MB, TBO, NMB and DMMB were investigated in 
suspension of  in regard to their photophysical characteristics. For these studies the 
commercially available powders of the phenothiazinium derivatives were purified by 
Andreas Späth, Institute of Organic Chemistry, to gain a pureness of > 99% and were 
compared to the non-purified photosensitizers. With chromatography experiments 
impureness for all the four compounds was detected and a comparison of the spectroscopic 
data could exclude any influences.  
The absorption cross section was recorded in the range between 200 nm – 1000 nm for 
different photosensitizer concentrations and after irradiation of the samples to clarify the 
photostability. In addition direct detection of the singlet oxygen luminescence was done 
time- and spectrally resolved, in order to determine the rates and rate constants of the 
coupled system photosensitizer / oxygen in  for each photosensitizer molecule. The 
singlet oxygen generation was detected at different photosensitizer concentration, oxygen 
concentration and in the presence of different concentrations of NaN3. The quantum yields 
of singlet oxygen formation were determined for low and high photosensitizer 
concentration in order to estimate the influence of the dimerisation. 
 
New MB-derivatives 
New, partly not literature-known phenothiazinium derivatives were synthesized. In order to 
derive an influence of the structure of the different side chains on the spectroscopic 
properties and the phototoxic killing efficacy, the data were compared to MB. First, 
investigations on the absorption of the new photosensitizers and the change of the 
absorption spectrum with changing photosensitizer concentration were done. Second, the 
direct detection of the singlet oxygen luminescence at 1270	+ made an estimation of the 
effectiveness of the singlet oxygen generation possible, and consequently, thirdly, the 
bacterial killing efficacy against S. aureus and E. coli was determined. Therefore, the quantity 
“effective toxicity” was introduced, which takes the quantum yield and the overlap with the 
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considered as photostable. In contrast to this NMB and DMMB show both a decrease of the 
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In the following section only the rate and rate constants of the non-purified MB, TBO, NMB 
and DMMB are shown, that were determined in  solution under irradiation of the 
respective absorption maximum. Due to the optimal irradiation it was, on the one hand, 
possible to use lower photosensitizer concentrations and on the other, to optimize the 
signal-to-noise ratio of the singlet oxygen luminescence signal in order to minimize the 
error in the calculation of the rise and decay times from the time-resolved signals. 
The following table sums up the decay times of singlet oxygen that was generated by the 
different derivatives in  -solution and the respective decay time of the triplet-T1-state of 
each photosensitizer that was calculated by extrapolation of the data curves of a variation of 
the oxygen concentration to anaerobic conditions. 
 Decay times MB TBO NMB DMMB 
]∆ [µs] 3.57 ± 0.13 3.45 ± 0.12 3.57 ± 0.13 3.57 ± 0.13 ]^_  [µs] 526 ± 474 137 ± 113 189 ± 145 42 ± 15 
 
Tab. 3.4:  Overview of the decay times of the excited singlet state of oxygen and the excited triplet-T1-state of the 
photosensitizer of MB, TBO, NMB, and DMMB by extrapolation to anaerobic H2O-surrounding. 
With values between 3.45  3.57	μ2 the determined decay time for singlet oxygen 
confirmed the findings in literature [71, 72]. The decay times of the triplet states of the 
different photosensitizers differed significantly from each other. Due to a calculation from 
reciprocal values of the rates 0	∆ and 0 a` , which are shown in table 3.5, the errors become 
very high. 
 
Tab. 4.5:  Overview of the results of the rate and rate constants of MB, TBO, NMB, and DMMB [73]. 
All rates and rate constants for MB, TBO, NMB, and DMMB are presented in the following 
table 3.5. Therefore, a variation of the photosensitizer concentration with constant oxygen 
concentration, a variation of the oxygen concentration with constant photosensitizer 





concentration and a variation of the concentration of  with constant photosensitizer 
and oxygen concentration was done and evaluated with the coupled differential equation 
system proposed by Baier et al. [71] in order to calculate the rates and rate constants [73]. 
 
3.3.1.4 Determination of the singlet oxygen quantum yields by direct methods 
The quantum yields of the photosensitizers were determined at different concentrations in 
 with two different laser systems. Therefore, it was possible to get an idea about the 
influence of the dimerization on the effectivity of singlet oxygen generation. 
With the Nd-YAG laser, MB, NMB, and DMMB were irradiated at 532	+. Since it is not the 
main absorption band, the concentrations of the photosensitizer had to be adapted, in order 
to absorb between 30  70% of the light. Therefore, the photosensitizer-concentrations 
used with this setup were 5 – 10 times higher than in the case of irradiating directly in the 
main absorption band of each molecule. 
The quantum yields for singlet oxygen formation of MB, NMB and DMMB were compared in 
air saturated  to the quantum yield of TMPyP (0.77). Each photosensitizer absorbed the 
same amount of energy within the same irradiation time. Furthermore the same amount of 
oxygen in the water surrounding of the molecule was given in order to deactivate the 
excited triplet state of the photosensitizer. In table the results for the estimation of the 
quantum yields Ф∆ of singlet oxygen for all four derivatives are summarized (tab. 3.6). 
 
Photosensitizer non-purified purified 
MB 0.24-0.28 0.22-0.27 
NMB 0.15-0.20 0.18-0.23 
DMMB 0.07-0.12 0.06-0.12 
 
Tab. 3.6:  Results of the singlet oxygen quantum yield of MB, NMB, and DMMB, irradiated with 532 nm and with a 
change of the photosensitizer concentration and thus absorbed energy. 
The data show the range of the quantum yields for the non-purified, commercially available 
substances and the purified ones, taking into account the experimental accuracy of the 
measurement. Within the experimental tolerance the results show the same quantum yields 
for the purified and the non-purified photosensitizers, but differ significantly from the 
values from literature. 
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With the new tunable laser an irradiation in the main absorption band of the phenothiazine-
derivatives was possible. The concentration of each photosensitizer was 1 µM and thus the 
photosensitizers were in their monomeric form.  
 
Photosensitizer Quantum yield 
(non-purified) 
MB 0.27 ± 0.05 
TBO 0.34 ± 0.05 
NMB 0.53 ± 0.09 
DMMB 0.39 ± 0.07 
 
Tab. 3.7:  Results of the singlet oxygen quantum yield of MB, TBO, NMB, and DMMB irradiated in the respective 
absorption maximum with a change of the laser power and thus absorbed energy. 
We found contradictory results for the quantum yields for both measurements, noticing that 
the method was different. As can be seen in tables 3.6 and 3.7, the result for the quantum 
yield of MB of 0.27 was reproduced with this measurement, whereas the quantum yield of 
NMB and DMMB were significantly higher compared to the measurement at 532	+.  
When exciting the photosensitizers with light at absorption maximum using the tuneable 
laser and varying the power of the irradiating laser beam a concentration of 1 µM was used 
where the photosensitizer is mainly in its monomeric form. In contrast to that, with the 
Nd:YAG laser and an irradiation with 532	+, the concentration of the photosensitizers was 
varied with a constant laser power. The phenothiaziniums’ absorption optima were not 
irradiated and higher photosensitizer concentrations compared to the experiment with the 
tuneable laser were used in order to have appropriate energy absorption. The 
photosensitizers were dissolved to absolute percentaged absorption values between 30% 
and 70%. Thus, the molar concentrations should be re-calculated from the law of Lambert-
Beer, but since the absorption cross section is not constant the values can only be estimated. 
In order to reach absorption values between 30  70%, molar concentrations between 
40	μ and above 200	μ had to be made. This is already in a range where dimerization was 
observed and might influence the singlet oxygen quantum yields. 
The presence of dimers has to be strongly considered due to the higher concentrations. In 
case of MB the generation of singlet oxygen does not seem to be dependent on its 
concentration and thus not on the ratio of monomer/dimer, since the quantum yield was 
confirmed with the new experimental setup within experimental accuracy. TBO was only 
investigated with the new laser setup at low molar concentration and is thus not 





comparable. Especially NMB and DMMB showed a huge difference of the quantum yields 
and the measurements thus suggest a more efficient generation of singlet oxygen at low 
photosensitizer concentrations, i.e. at the monomeric form.  
For all investigated phenothiazines the data clearly differ from the values in literature that 
are listed in the following table 3.8.  
























Tab.3.8:  Singlet oxygen quantum yields, overview of the results described in literature by various authors. 
*Wainwright et al. refer here to a MB quantum yield of 1.00. 
The quantum yields were described in literature as rather effective. Especially for MB a 
quantum yield around 0.27 was determined which 50% of the value mentioned by 
Wainwright et al. and others (see tab. 3.8). Often indirect measurements are performed 
which results in a change of the quantum yield for singlet oxygen to higher values due to 
type-I reaction pathways or reaction with other radicals than singlet oxygen. Assuming a 
literature-given value of 0.52 for MB, the referenced quantum yield according to Wainwright 
et al. for NMB and DMMB would result in 0.70 and 0.63, respectively. The value for DMMB 
was also confirmed by Chen et al. The experimental data via the direct spectroscopic 
measurement of singlet oxygen give very contradictive results for low and high 
concentrations for both, NMB and DMMB. NMB shows a quantum yield of 0.53 V 0.09 for 
low and values between 0.15  0.20 for higher photosensitizer concentrations. DMMB 
shows a quantum yield of 0.39 V 0.07 for low and values between 0.07  0.12 for higher 
photosensitizer concentrations. Therefore, like MB both photosensitizers differ significantly 
from the literature values, especially for higher concentrations. They show generally a high 
influence of the quantum yield on the concentration. 
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3.3.1.5 Phenothiaziniums and bacteria: attachment and influence on the 
photosensitizer absorption 
Phenothiazinium derivatives were described to be efficient photosensitizers in aPDT. This is 
referred to the light-triggered generation of singlet oxygen and to the formation of the 
hydroxyl radical. Since the quantum yields of especially NMB and DMMB are described in 
literature to be much higher than determined in this study, and therefore a higher activity of 
DMMB cannot be explained by its quantum yield, we investigated as well the uptake of the 
four different phenothiaziniums in cells.  
Since DMMB was described to be very effective in the photokilling of bacteria by 
Wainwright et al., even more effective than MB [28, 74], these two substances were 
compared in their change of absorption when being in contact to microorganisms. It is 
known that aggregation processes or adhesion might influence the electronic properties of a 
photosensitizer and therefore might be different when in contact to bacteria. In particular, 
dimerisation could occur when photosensitizer molecules attach to cell walls or accumulate 
inside the cells. Therefore, first the influence of PBS on the absorption spectrum of MB and 
DMMB was studied and this was followed by investigations on the change of the spectrum 
with time when MB and DMMB being to contact with bacteria. 
 
Uptake of the photosensitizers 
The S. aureus bacterial cells were diluted to an @ ) 0.6 resulting in a final concentration of 
10B	<EF	:. 600	: of each, bacteria suspension and photosensitizer (20	μ) were 
added to an Eppendorf cap. During the incubation procedure they were left under rotation 
for 1.5	U in the dark. The process resulted in an overall photosensitizer concentration of 
10	μ for each photosensitizer. After the incubation the bacteria cells were centrifuged in 
the Eppendorf caps (15	=+, 13	000	F	=+) and the supernatant (SN) was investigated. 
Afterwards the cells were diluted again in 1	:  and another centrifugation was done in 
order to investigate the second supernatant. 
The washing procedure was therefore done once and gave a hint of the overall number of 
photosensitizer molecules that were attached to S. aureus or uptaken. In the following table 
the photosensitizer uptake after the first and second centrifugation are given in percentaged 
values. The values after the second washing are a sum of the uptake after the first and 
second centrifugation. 





For the estimation of the uptake of photosensitizer molecules the ratio of the extinction of 
the supernatant after the first washing and of the extinction of the photosensitizer with a 
concentration of 10	μ was determined. This ratio gave the value for the non-attached 
photosensitizer molecules. The ratios of the extinction of the supernatant after the second 
centrifugation and the photosensitizer at 10	μ were likewise determined, that is, the 
photosensitizer attachment after one complete washing process was determined. 
Exemplarily for MB, the number of attached photosensitizer molecules was calculated with 
the following equations: 
JcXd=	ccUXY	/cXd	1. e ) 100%  Hffg	(	[1. e\Hffg	(	[10μ	h\ ∙ 100% 
 




attachment to bacteria [%] 
1. SN               2. SN 
MB  664 66 46 
TBO 627 77 56 
NMB 631 91 81 
DMMB 648 98 95 
 
Tab. 3.9:  Photosensitizer uptake after investigation of the 1. and 2. supernatant (SN). The calculation bases on a 
comparison of the extinction coefficients at the respective wavelength of the absorption maximum (max) 
[73]. 
 
Change of the absorption spectrum of MB and DMMB with bacteria 
When adding MB or DMMB to a solution with bacteria, the absorption spectrum differs with 
time and might give a hint of aggregation of the photosensitizer or the localisation due to a 
characteristic influence of biomolecules. Experiments in regard to the change of the 
spectrum of a phenothiazinium photosensitizer and S. aureus were done and are presented 
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613	+ show each a hypsochromic effect indicating aggregation processes. The peak at 
613	+ is considered to be the dimer, as described for MB [75, 76]. MB-1, MB-2, MB-3, and 
MB-6 do neither show a decrease or increase in any part of their absorption spectrum 
within experimental accuracy. Since in some newly synthesized phenothiazine derivatives 
no rising peak at smaller wavelengths was found, it is interesting to have a closer look at the 
chemical structure of MB-1, -2, -3, and -6 in regard to the argumentation of Tafulo et al. [70]. 
Their reduced ability to dimerize is a benefit of the additional positive charge in this class of 
compounds. This might enable the use of these phenothiazinium photosensitizers in a 
broader concentration range in comparison to MB. When the limit of the dimerization 
process is shifted to higher concentrations or dimerization does not occur at all, the ability 
for generating singlet oxygen should not change within this concentration range. Therefore, 
also at higher photosensitizer concentrations the phototoxic effects also might be only 
linearly dependent on the photosensitizer concentration. Additionally, as was discovered for 
DMMB, the adsorption to bacteria might affect the dimerization of a photosensitizer. It has 
to be clarified in further studies if this occurs with contact to bacteria and if this could be an 
advantage compared to MB or DMMB, respectively.  
 
3.3.2.2 Photostability 
The new MB-derivatives were irradiated with the broad-band spectrum of a medical lamp 
(PDT1200), because also the phototoxicity tests were carried out with this light source. In 
order to compare the effective light absorption of each derivative an overlay of the emission 
spectrum of the lamp and the photosensitizers' absorption spectrum was calculated.  
 
Absorption of the lamp emission by the different derivatives of MB 
The emission spectrum of the incoherent light source PDT1200 covers partially the 
absorption spectrum of MB and its derivatives. As an example the overlay of MB with 
concentrations of 10	μ and 100	μ and the emission spectrum of the PDT1200 are shown 
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Fig. 3.10: Time- and spectrally resolved singlet oxygen luminescence of MB and its derivatives MB-1 to -6 in air 
saturated H2O at 25°C. Singlet oxygen is generated and detected at 1275 nm with a decay time ≈3.5 µs for 
all derivatives. 
Each time-resolved luminescence signal showed a rise and decay time, whereas the rise 
time differed for each derivative but the decay time was around 3.5	μ2, confirming the 
values in literature for the decay of singlet oxygen in aqueous surrounding [30]. The rise 
and decay times ck  and cl are summarized in table 3.13. The maximum of the singlet oxygen 
luminescence was detected at  ) 1275 V 5	+. 
 
3.3.2.4 Determination of the singlet oxygen quantum yields by direct methods 
The quantum yields for singlet oxygen formation of the derivatives of MB have been 
compared in air saturated  to the quantum yield of MB, since it has been described that 
the quantum yield can be higher in alkaline environment [27]. Each photosensitizer 
absorbed the same amount of energy within the same irradiation time. Furthermore the 
same amount of oxygen in the water surrounding of the molecule was given in order to 
deactivate the excited triplet state of the photosensitizer. Therefore, the singlet oxygen 
photons give evidence of the effectiveness of each derivative and can be compared to each 
other. In table 1 the results for the quantum yields Ф∆ of singlet oxygen for all derivatives 
are summarized relative to the literature value of the quantum yield for MB of 0.52 [30]. The 
Chapter 3  
102 
 
quantum yield of MB was then set to 1.00 in this article, as described by Ф∆., because it is 
only needed for reference and comparison purposes. For the values of the quantum yield an 
error of 10% in regard to the measurement procedure was assumed. Taking into account 
that the photostability of MB-1 and MB-2 is not given within a range of 180 000 laser pulses 
we consider an irradiation with 20 000 laser pulses for the quantum yield measurement as 
an insignificant change in the absorption spectrum [A 	2%). The Ф∆ of MB-4 is comparable 
to the yield of MB, whereas the other yields are smaller. 
 
3.3.2.5 Photobiological activity 
The irradiation of the Gram-positive S. aureus and the Gram-negative E. coli upon incubation 
with different concentrations (0  100	μ) of MB-1, MB-2, MB-3, MB-4, MB-5 and MB-6, 
caused a decrease in viability of <EF	: except for MB-1. An overview of the killing rates 
after irradiation can be found in the following table 3.12. Since disinfection is considered to 
reduce the number of viable cells at least 3 -steps (99.9%) the table only shows the 
killing efficacy above this separating line. The exact killing efficacies below 3 -steps are 
shown in figures 3.11. 
c [µM] 0 1 10 50 100 
  S. aureus 
MB-1 < 3 < 3 < 3 < 3 < 3 
MB-2 < 3 < 3 < 3 > 3 > 3 
MB-3 < 3 < 3 < 3 > 3 > 6 
MB-4 < 3 < 3 > 7 > 7 > 7 
MB-5 < 3 < 3 > 7 > 7 > 7 
MB-6 < 3 < 3 > 7 > 7 > 7 
  E. coli 
MB-1 < 3 < 3 < 3 < 3 < 3 
MB-2 < 3 < 3 < 3 > 3 > 3 
MB-3 < 3 < 3 > 5 > 5 > 7 
MB-4 < 3 < 3 > 5 > 7 > 7 
MB-5 < 3 < 3 > 5 > 6 > 6 
MB-6 < 3 < 3 < 3 > 7 > 7 
 
Tab. 3.12: Summary of the phototoxic efficacy of the new MB derivatives on S. aureus and E. coli; the table shows 
only the photodynamic treatment with light (effects of dark toxicity can be found in fig. 3.11 for each 
photosensitizer). Different concentrations of each photosensitizer were applied and toxic efficacy is described in 
steps of log10-reduction; therefore “< 3” means a reduction < 3 log10 steps (< 99.9%). 
 





Light activation of MB-1 achieved only a reduction of viable bacteria numbers of both 
bacteria strains of ≈ 1  (supplementary figure). Furthermore MB-2 induced only an 
antibacterial activity of 99.9% using a concentration of 50	μ upon light activation. MB-3 
showed a better killing efficacy as compared to MB-2 upon light activation. However, light-
activated MB-3 achieved a killing efficacy of > 99.9% at a concentration of 50	μ against 
both strains, whereas MB-4, MB-5 and MB-6 exhibit the highest killing rate of > 99,999% (5 



























































































































































































































































































































































































































































































































































































































Fig. 3.11: Photodynamic treatment was performed using different concentrations of MB-1 to MB-6 with and without 
illumination (30 J cm-2). Surviving colonies were counted 24 h later. Black dashed line corresponds to a 
reduction of 3 log10 steps in bacteria numbers (99.9% killing efficacy). White and grey column: controls 
without illumination. Colored columns: MB-3 + light activation, blue: E. coli; crosshatched: S. aureus. (n = 3 
experiments: mean values ± standard deviation) 
All bacterial samples that were incubated without photosensitizers exhibited normal 
growth with or without irradiation, demonstrating that the maximal fluence rate 
(50	) at the level of the irradiated samples alone had no antibacterial effects. In 
summary, MB-4, MB-5 and MB-6 killed more efficiently both S. aureus and E. coli compared 
to MB-1 and MB-2. 
The photobiological activity of MB for S. aureus and E. coli was described for example by 
Wainwright et al. in terms of minimal lethal concentration for 10f	<EF	: [2, 28]. To 
achieve this killing efficacy a concentration of 1	μ for S. aureus and 100	μ for E. coli an 
energy dose of 6.3	
 was applied (equals 1	U illumination, power of 1.7	). The 
phototoxicity data of the derivatives of MB presented herein are comparable to the toxicity 
of MB as described numerously in literature [1, 2, 25, 28, 29]. The photobiological activities 
of the derivatives of MB show some dependencies on their photophysical behavior and their 
chemical properties. Since MB-1 and MB-2 show a decrease in their absorption spectrum 
when being illuminated (see tab. 3.1), the absorbed amount of light energy decreases as 

























































































































photostable derivatives. Consequently, a lower phototoxicity compared to the stable 
derivatives might be the result. 
The quantum yield of the photosensitizers gives a value for its efficacy to generate singlet 
oxygen. But it takes not into account the effective absorption of the light energy. Therefore, 
the prediction of “effective toxicity” - considering the absorbed light energy by the 
photosensitizers in combination with their quantum yield - is a more realistic value to 
describe a possible biological killing efficacy. Nevertheless for this study it turned out only 
for some derivatives to be in line with the measured photobiological activity. MB-4 and MB-
1 had a high ranking, predicting effectiveness, whereas MB-6 had a low “Eff.Tox.” value (tab. 
3.13). The toxicity data for MB-4 are in line with the calculations but MB-1 and MB-6 show 
each the opposite behaviour; while MB-1 did not have any toxic effect at all, but was 
expected to show toxicity upon irradiation comparable to MB-4, MB-6 was expected to show 
a low phototoxicity, but inhibited the microorganisms very effectively. In its activity it can 
be compared to MB-4 and MB-5. A better linking to the cell wall or even uptake into bacteria 
is therefore supposed for MB-6. Therefore it is interesting to follow the uptake mechanism 
of each derivative and to investigate the phototoxicity after washing procedures following 
the incubation process with the photosensitizers in a future study. 
The structure-response principle, e.g. the influence of the substituents on the phototoxicity, 
can be derived from the following considerations:  
The antimicrobial efficiency of the derivatives with additional charge in the side chain rises 
gradually in line, starting from the open chain substituted compounds MB-1 and MB-2 going 
to the compounds with cyclic substituent MB-3 and MB-6 (MB-1 < MB-2 < MB-3 < MB-6) 
(tab. 2, see also supporting information). This is in accordance with their photophysical 
stability (MB-1 = MB-2 < MB-3 = MB-6) (table 3.13, see also supporting information), but 
not sufficient to explain the findings. The data also show, that going from acyclic to cyclic 
substituents and moving from primary to secondary to tertiary ammonium charges, an 
efficiency increase can be achieved. This may be due to better polarity characteristics and in 
addition a result of the ease of deprotonation of the groups in aqueous media: The >?2 
values of tertiary ammonium groups (MB-6) are higher than that of secondary (MB-2 and 
MB-3), which in turn are again higher than that of the primary groups (MB-1). The charges 
can be seen as more permanent in a > equilibrium in solution moving from primary to 
tertiary groups and therefore might have more influence on the attachment to the bacterial 
cell wall, which is in agreement with the data of the phototoxicity experiments (MB-6 > MB-
3 > MB-2). 





MB, TBO, NMB, DMMB 
The photostability of MB, TBO, NMB and DMMB was investigated by irradiating the 
photosensitizers with a concentration of 10	μ at their respective absorption maximum. In 
this study only MB and TBO showed photostability within experimental accuracy. NMB and 
DMMB showed decolourisation expressed in a decrease of absorption cross section W. The 
photostability of MB was confirmed, although with lower energy doses, when irradiating 
and comparing it to the new derivatives at a fixed wavelength of 600	+. All derivatives 
except MB-1 and MB-2 showed photostability within experimental accuracy. 
In this experimental work the quantum yields were determined with direct spectroscopic 
methods by comparison with TMPyP or with PNS in . Since two different experimental 
setups were used to study the efficacy of singlet oxygen generation, the results were 
evaluated for high and low photosensitizer concentration at 532	+ and for each 
photosensitizer in its absorption maximum, respectively.  
The maybe most interesting point in the investigations of MB, TBO, NMB, and DMMB was 
thereby a determination of a much lower quantum yield than described in literature for all 
the four substances. Due to the fact that many of the quantum yields mentioned in literature 
were determined with indirect methods, a reaction with other radicals has to be assumed, 
which influences false-positive the result of the quantum yield.  
In case of MB a quantum yield around 0.27 was determined experimentally at high and low 
photosensitizer concentrations. Due to the “popularity” of this photosensitizer, the easy 
achievement by industrial companies, and the acceptable quantum yield for singlet oxygen 
formation, it was worth to test the substance as a singlet oxygen generator also in surfaces, 
which is described in the following chapter 6. This was done even though type-I reactions, 
which were investigated in detail by Hamblin et al., might lead to a lower outcome in regard 











In this study new derivatives of MB derived from modifications of the substituents of MB 
were described and investigated on their effectiveness for aPDT. These new derivatives 
should lead to a better insight in the structure-response for aPDT in regard to their different 
side chains. One substituent in the MB lead structure was changed, in order to achieve 
pursuable variations of the compound. We focused on the synthesis and study of derivatives 
with highly polar and/or hydrophilic groups and prepared the compounds in high purity as 
chloride salts. For this purpose we successfully revised the literature known syntheses and 
supplied straight forward protocols for preparation and purification of the photosensitizers. 
A structure-response relationship was described from a chemical point of view, based on 
spectroscopic measurements and on investigations of the photobiological activity against S. 
aureus and E. coli. Our results point towards a positive influence on the antimicrobial 
efficacy by hydrogen acceptor bond moieties and additional tertiary charges in the 
substituent of MB derivatives achieving 7 -steps for S. aureus and E. coli at 
concentrations of 10	μ with 10	=+ of irradiation. This can compete with the best 
examples of known antimicrobial photodynamic agents like porphyrins. The singlet oxygen 
quantum yields of some compounds are comparable to the yield of MB without overtopping 
it. Dimerisation of such photosensitizers in solution in a broad concentration range can be 
suppressed by introducing additional positive charges in the side chains. Table 3.13 
summarizes the results for the newly synthesized derivatives of MB, which were described 





















MB 664 yes 95% 3.51 1.64 0.52* 1.00 54.4 54 
MB-1 653.5 no 82% 3.47 1.93 0.45 ± 0.05 0.87 43.1 37 
MB-2 650.5 no 81% 3.57 1.76 0.38 ± 0.04 0.73 38.7 28 
MB-3 643.5 no 95% 3.44 1.92 0.47 ± 0.05 0.90 38.4 35 
MB-4 663.5 yes 97% 3.51 1.78 0.51 ± 0.05 0.98 44.5 44 
MB-5 662 yes 96% 3.46 1.70 0.41 ± 0.04 0.79 45.4 36 
MB-6 649 no 95% 3.47 1.76 0.35 ± 0.04 0.67 29.6 20 
 
Tab. 3.13: Characteristic values of MB and its derivatives MB-1 to MB-6, where λmax describes the maximum of the 
absorption; the dimerisation was detected in a concentration range between 10 – 200 µM; the 
photostability is described with the ratio of the height of the absorption maximum after irradiation to 
height of the maximum before irradiation with 180000 laser pulses; tR and tD are the rise and decay time 
of the time resolved singlet oxygen luminescence, respectively; Ф∆ is the quantum yield of singlet oxygen 
generation relatively to the quantum yield of MB, which is found in literature to be 0.52 [30]; Ф∆1.00 is the 
quantum yield of MB set to 1.00, to simplify the comparison. For the values of the quantum yield an error 
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of 10% in regard to the measurement procedure had to be estimated. “overlap” describes the uptake of the 
lamp emission spectrum by the different photosensitizers at a concentration of 10 µM. “Eff.Tox.” describes 
therefore the predicted “effective toxicity” that was calculated by multiplication of Ф∆1.00 (ref. MB) with the 
value of the overlap. 
Compound MB-4 and MB-5 are comparable in their stability and ability to dimerize, also 
matching the values of these parameters of MB. Both photosensitizers with hydrogen bond 
accepting moieties show a high activity against S. aureus and E. coli in the photodynamic 
inactivation studies (fig. 3.11), whereas the antimicrobial efficiency of MB-4 is slightly 
higher than that of MB-5 against E. coli. This is in agreement in regard to their singlet oxygen 
quantum yield and the predicted “effective toxicity”, which is summarized in table 3.14. 
Predicted “Effective Toxicity” MB > 4 > 1 > 5 > 3 > 2 > 6 
Quantum yield MB > 4 > 3 > 1 > 5 > 2 > 6 
Toxicity S. aureus 6 = 5 = 4 > 3 > 2 > 1 
Toxicity E. coli 4 > 5 > 3 > 6 > 2 > 1 
 
Tab. 3.14: Summary of the effectiveness of the new MB-derivatives in regard to their predicted “Effective toxicity”, 
their quantum yield, and their photokilling efficacy against S. aureus and E. coli 
From a chemical point of view, compound MB-3 is the most favorable building block for 
further syntheses at the side chain, e.g. coupling to peptides. Its stability is higher than that 
of its open chain analogues MB-1 and MB-2, the yields in synthesis are also slightly better 
and the purification is easier. Also the ammonium group is more reactive, than the alcohol in 
compound MB-4. Since some of the newly synthesized compounds did not show 
dimerisation in the same concentration range as did MB and also NMB, DMMB and TBO, this 
might positively influence the effect of phototoxicity also in a higher concentration range. 
Nevertheless, this has to be clarified in further studies, which also include a direct 
comparison of MB, NMB, DMMB, and TBO with the newly synthesized MB-1 to MB-6. 
A simple method of estimating the effective phototoxicity by taking singlet oxygen quantum 
yield in combination with the absorbed light energy into account was presented for the new 
derivatives. Not for all derivatives this value for the effective phototoxicity is in line with the 
data of the killing rates. Some exhibit a high killing rate which is not supported by 
spectroscopic data and vice versa. Therefore other mechanisms of action have to be assumed 
and the adhesion to bacteria cell walls and the uptake of the derivatives has to be 
investigated in a further study, including washing experiments following the incubation 
period. 
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The chapter describes the investigation of the novel cationic 
porphyrin XF73, which showed high photosensitizing efficacy against 
multiple microorganisms in low doses, in comparison to the standard 
porphyrin TMPyP. The photophysical properties in regard to 
aggregation and the ability to generate singlet oxygen are presented, 
comparing the influence of H2O-based with cell physiological solution 
(PBS). Further, the problems in interpreting the singlet oxygen 
luminescence signals generated by different photosensitizers in 
cellular surrounding are outlined. 








Singlet oxygen (1O2) is an important reactive intermediate in photodynamic reactions, in 
particular in antimicrobial PDT (aPDT). The detection of singlet oxygen luminescence is 
frequently used to elucidate the role of singlet oxygen in various environments, in particular 
in microorganisms and human cells. When incubating Candida albicans with porphyrins 
XF73 (5,15-bis-[4-(3-Trimethylammonio-propyloxy)-phenyl]-porphyrin) or TMPyP 
(5,10,15,20-Tetrakis(1-methyl-4-pyridinio)-porphyrin tetra(p-toluenesulfonate)), the 
singlet oxygen luminescence signals were excellent for TMPyP. In case of XF73, the signals 
showed strange rise and decay times. Thus, singlet oxygen generation of XF73 was 
investigated and compared to TMPyP. 
Absorption spectroscopy of XF73 showed a change of the absorption cross section when 
changing the concentration from 1  10	 to 1  10	 indicating an aggregation process. 
The addition of PBS substantially changed singlet oxygen luminescence in XF73 solution. 
Detailed experiments provided evidence that the PBS constituents 	
 and  caused the 
change of singlet oxygen luminescence. The results also indicate that  ions may cause 
aggregation of XF73 molecules, which in turn enhances self-quenching of singlet oxygen via 
photosensitizer molecules. 
These results show that some ions, e.g. present in cells in vitro or added by PBS, can 
considerably affect the detection and the interpretation of time-resolved luminescence 
signals of singlet oxygen, in particular in vitro and in vivo. These effects may occur not only 
for XF73 but also for other photosensitizers. 
The fast development of multiresistant patterns against antibiotics of many species of 
bacteria has led to novel antibacterial strategies like the antibacterial photodynamic therapy 
(aPDT) [1, 2]. A lot of work has been done to develop molecular structures and their 
derivatives that are able to generate reactive oxygen species (ROS), which are the active 
agents for killing microorganisms [3-7]. The search for photosensitizers (PS) for aPDT has 
provoked the synthesis of various porphyrin molecules, which have been investigated 
regarding their photophysics and antimicrobial activity [4, 8, 9]. Naturally occurring 
porphyrins can be found endogenously, e.g. the protoporphyrin IX that is in the prosthetic 
group of the hemoglobin or the chlorophylls based on the chlorine structure. Some 
endogenous porphyrins in bacteria are used to treat acne, where Propionibacterium acnes is 




has been frequently used for cell staining in order to investigate generation and decay of 
singlet oxygen [11-13].  
Different photosensitizers are considered to localize in different compartments of the cells 
due to their number of positive charges and structure of the side chain. In order to 
determine the subcellular localisation of photosensitizers and hence the site of singlet 
oxygen generation, microscopy is applied by exciting the fluorescence of the respective 
photosensitizer. Since the resolution of light microscopy is limited, this procedure should 
fail with small bacteria cells with a diameter of about 1	μ. The direct measurement of 
singlet oxygen luminescence at 1270	 might be an alternative candidate to elucidate the 
cellular action of singlet oxygen because the rise and decay time of singlet oxygen 
luminescence depend critically on its adjacency [14, 15]. In addition, singlet oxygen 
luminescence can provide information about the photodynamic process in bacteria during 
irradiation. 
XF73 is a newly synthesized porphyrin molecule that already showed a high potential in 
antimicrobial PDT that was shown for gram-negative and gram-positive bacteria [16, 17]. 
However, principal data are lacking regarding its use in singlet oxygen detection in vitro. 
Thus, it was the goal of the present study to investigate the photophysical properties of 
XF73 and its potential to monitor photodynamic action in microorganisms. Exemplarily 
singlet oxygen luminescence detection was analyzed in vitro in C. albicans cells. The well-
known TMPyP was used for reference experiments. 
 
  





4.2 EXPERIMENTAL SECTION 
 
4.2.1 Chemicals and solvents 
The photosensitizers XF73 and TMPyP (see chapter 2) were dissolved in bidistilled water at 




, , and  were used as received. PBS has been used for aggregation 
experiments. For the NMR spectroscopy a parent solution of the photosensitizer dissolved 
in  was made and a PBS solution for dilution containing  has been prepared by 
adding 	
, , 	
, and  with the accordant concentrations. 
 
4.2.2 Absorption spectrum 
Absorption spectra were recorded at room temperature in a concentration range of 
1  10  2  10	. The percentaged transmission has been measured and the absorption 
cross section 	 was calculated according to equation (2.1). 
 
4.2.3 Photostability 
The photosensitizers were illuminated with the broadband lamp UV236. The maximal light 
intensity was 15.2	" at the level of the illuminated samples. The samples were 
illuminated for either 15	# (13.7	%) or 60	# (54.8	%).  
 
4.2.4 Cell experiments 
The Candida albicans strain ATCC-MYA-273 was used for the experiments. The planktonic 
cells of C. albicans were diluted to a number of 106 CFU mL-1. For the incubation of C. 
albicans the photosensitizer stock solution has been diluted with . The cells were 
incubated in the dark for 15	# in  plus 50% PBS in falcons at slow rotation. The cells 
were rinsed twice with PBS to remove the not included or nonadherent photosensitizer and 
afterwards solved in pure . For the singlet oxygen luminescence experiments the 





4.2.5 Fluorescence spectrophotometer 
The localisation of XF73 in C. albicans was examined by fluorescence microscopy (Zeiss 
Vario-AxioTech, Goettingen, Germany) with an appropriate dual-band filter set for 
excitation and emission (Omega Optical, Brattleboro, Vt.) and a 63 ( magnification. 
Planktonic C. albicans were incubated 2	) with 10	 XF73 in PBS and were rinsed twice 
with PBS. 
 
4.2.6 Singlet oxygen luminescence and quantum yield of singlet oxygen formation 
(ФΔ) 
Solutions with photosensitizers were filled in a quartz cuvette; solutions of the planktonic 
cell suspension were investigated in acrylic cuvettes. The photosensitizers were excited 
with the Nd:YAG-laser both during magnetic stirring at a wavelength * + 532	, power 
output  + 50	", frequency of , + 2	-., and therefore an energy per pulse of 
/ + 2.5  100	%. Every sample was illuminated with 40 000 pulses. The C. albicans 
planktonic cells were excited with the same laser wavelength of * + 532	, power output 
 + 60	", frequency of , + 5	-., and therefore an energy per pulse of / + 1.2  100	%. 
Every sample was illuminated with 100 000 pulses. 
Direct detection as described in previous papers [18-20] was done by time resolved 
measurements at 1270	 (30	 FWHM filter) with using an additional 950	 cut-off-
filter. According to equation (2.1) the singlet oxygen luminescence signal was fitted, and the 
rise and decay times 23  and 24 were determined.  
The luminescence signal was spectrally resolved using interference filters in front of the 
photomultiplier tube at wavelengths ranging from 1150	– 	1400	 or a monochromator 
(Horiba, Yobin Yvon Inc., USA) from 1200	– 	1350	 at 10	 regular steps in case of XF73 
in pure . A Lorentz-shaped function has been fitted through the measurement points, 
with the maximum at * + 1270	, referring to the maximal value in . 
For the determination of ФΔ of XF73 in  it is compared to the ФΔ of TMPyP in aqueous 
solution. Therefore 5 probes of each photosensitizer of different concentration (between 
30% and 70% absorption at a wavelength of * + 532	) are illuminated and the emitted 
singlet oxygen photons are determined with the integral over the luminescence curve, given 
with the fit routine mentioned. 
 






NMR spectra were recorded on Bruker Avance 600 (1H: 600.1	., 13C: 150.1	., 
6 + 300	), Bruker Avance 400 (1H: 400.1	., 13C: 100.6	., 6 + 300	) or Bruker 
Avance 300 (1H: 300.1	., 13C: 75.5	., 6 + 300	) relative to external standards. 
NMR spectra were recorded in  at 300	. (1H) or 75	. (13C) unless stated 
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On one hand, XF73 molecules were possibly localized
quencher concentrations or low oxygen concentration affected the rise and decay of 
oxygen
been altered after uptake 
photosensitizer
face) under certain conditions 
by concentration of inorganic salts, the polarity of the solvents, or the side chains of the 
porphyrins 
photosensitizer
An overview of the discussions related to the aggregation of TMPyP is given by Vergeldt 
al., who described adsorption onto surfaces or aggregation effects due to the impurity of the 
solvent 
Stacking of porphyrin molecules could occur at high photosensitizer concentrations or could 
be mediated by inorganic salts, which were particularly added with PBS to cells. 
Photosensitizer stacking may change the rate and rate constants for XF73 molecules 
thereby affect the generation and decay of 
resolved detection of its luminescence.
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In contrast to TMPyP, the absorption spectrum of XF73 in pure  clearly depended on 
XF73 concentration. The absorption cross section decreased with increasing XF73 
concentration from 100  	2  10	 and the absorption maximum (Soret band) shifted to 
shorter wavelengths (< 	7	) (fig. 4.2). Both effects indicate aggregation of XF73 
molecules. 
 
4.3.2 NMR spectra of XF73 and TMPyP in =>? solution 
As a second, independent experiment confirming aggregation of XF73 in comparison to the 
aggregation of TMPyP, NMR spectroscopy was performed. Therefore, the concentration and 
the temperature of the solvent of the photosensitizer were varied, in order to break the 
aggregation effects.  
 






























Fig. 4.6: NMR spectra of TMPyP in D
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Fig. 4.7: Chemical structure of TMPyP and assignment of the molecule regions to the peaks in the NMR spectra in 
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multiplicity were detected, which can be assigned clearly to the respect groups of the 
molecule (see fig. 4.4). 
Although defined dimers cannot directly be detected from the NMR spectrum, their 
prevalence can be strongly assumed due to a continuous transition from the strong 
broadening of the spectrum to sharp peaks, not passing any intermediate spectrum. 
 
From the NMR spectra stacking plot of TMPyP (fig. 4.6) and in the overlay for two 
exemplary temperatures (fig. 4.8) a continuous increase of heat energy supply disturbs 
increasingly the ;-;-interactions. Nevertheless, sharp and clear separated signals of defined 
multiplicity were detected already at room temperature (293	), which can be assigned 
clearly to the respect groups of the molecule (see fig. 4.7). A peak-shift to higher @@-values 
was detected.  
The strength of the aggregation between the TMPyP molecules is substantially smaller due 
to the already existing sharp NMR signals. In contrast to that for breaking the XF73-
aggregates a higher energy supply is needed. In TMPyP the positively charged, repellent 
groups are much closer at the aromatic core and fixed in their position and thus inflexible. A 
higher repulsion due to the positive charges is the consequence. The positive charges in the 
XF73-molecule are marginal, with a greater distance to the core, and are positioned at a 
flexible alkyl chain. Therefore, they can elude each other more easily and the aggregation 
due to the ;-;-interactions of the area of the aromatic compound is facilitated.  
 
4.3.3 Absorption spectroscopy in aqueous XF73 solution with PBS or PBS 
constituents 





. As a first approximation to cellular environment, XF73 was dissolved in PBS 
solutions. As XF73 was not easily soluble in PBS, the maximum concentration of PBS was 
50% in . Absorption spectra of XF73 (2 ∙ 10
0	) were recorded in pure , in 50% 
 plus 50% PBS, and in 100%  adding single constituents of PBS such as , 	
, 
	




Fig. 4.9:  Comparison of the influence of the single components of PBS on the absorption spectrum of XF73. A 
photosensitizer
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A visible precipitation of the solute started when using >10% 
shown to be reversible by diluting the solution with pure 
dilution, the absorption spectrum of XF73 in PBS changed back to the absorption spectrum 
in pure 
measurements because the probes are directly used after bei
precipitation effect needs several hours to develop. No light scattering effect in solutions 
was detectable by checking the absorption spectrum at shorter wavelengths.
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XF73. These effects may also affect the use of XF73 when applied for photodynamic 
inactivation of microorganisms. 
In case of singlet oxygen experiments (see below), XF73 solutions were irradiated with 1	% 
of laser energy (532	). It is expected that  values do not significantly change under these 
experimental conditions. 
 
4.3.5 Singlet oxygen luminescence experiments without PBS 
Incubation of bacteria or human cells with XF73 and subsequent irradiation yielded 
effective cell killing by means of singlet oxygen generation, which was confirmed by adding 
singlet oxygen quencher 	
	 that reduced significantly cell toxicity [16]. Since detailed 
studies on singlet oxygen generation of the novel porphyrin molecule XF73 were missing, 
we investigated XF73 in pure aqueous solution according to previous studies on other 
photosensitizers [23]. 
After dissolving TU73 + 5  100	 in air-saturated ( + 2.7  10
	), pure , the 
rise and decay part of the time resolved signals could be assigned to the decay time V∆ of 
singlet oxygen and the decay time VXY  of photosensitizer, respectively. Experiments yielded 
VXY + 1.6 8 0.2	μ: and decay time V∆ + 3.5 8 0.3	μ: (fig. 4.11). The decay time is in good 
correlation with the lifetime of singlet oxygen in pure water [29-31]. 
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4.3.6 Singlet oxygen luminescence experiments with PBS 
In light of the results above, singlet oxygen luminescence signals should be affected by 
molecule stacking, in particular when the photosensitizer is located in C. albicans cells (fig. 
4.1). Therefore, we investigated the PBS effect on time-resolved singlet oxygen 
luminescence generated by XF73 in air-saturated solution at a concentration of 5  100	, 




Fig. 3.15: Singlet oxygen luminescence signals of [XF73] = 5·10-5 M with a PBS concentration of (A) 20% and (B) 
30% in  with an oxygen concentration of [3O2] = 2.7·10-4 M 
The results clearly show that singlet oxygen luminescence substantially changed with 
increasing PBS concentration (fig. 4.11, 4.15). From 0% to 50% PBS in , the rising part 
of singlet oxygen luminescence signal disappeared, whereas the decaying part shortened. 
Now, the luminescence signals at higher PBS concentrations (fig. 4.15, B) were similar to 







When adding singlet oxygen quencher NaN3 [34, 35] to the 20 % PBS solution up to a high 
concentration of 2  10	 	
	, the singlet oxygen luminescence signal almost 
disappeared.  
 
Fig. 3.16: Singlet oxygen luminescence generated by XF73 in  + 20% PBS at 1270 nm with 2·10-3 M NaN3 in 
solution. 
The residual signal should not originate from singlet oxygen luminescence (see fig. 4.16). 
The same residual signal was detected in solutions without 	
	 and without oxygen (data 
not shown).  
The singlet oxygen luminescence was also recorded spectrally resolved for PBS 0% and 50% 
in  (fig. 4.12, 4.17). A Lorentz-shaped function was fitted through the measurement 
points and the values were normalized to the maximal value. Without PBS, the fit shows a 
clear maximum at 1270	 which confirms the generation of singlet oxygen [36].  
 
Fig. 4.17: Spectroscopically resolved singlet oxygen luminescence signal, generated by XF73 in 30% PBS +  with 
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The detection of singlet oxygen by its luminescence is a great tool to show the action of 
singlet oxygen even in cells or bacteria. In this context it is important to have a detection 
procedure that provides reliable data from inside such cells, in particular when knowing 
that cellular constituents can substantially affect singlet oxygen luminescence. The 
interaction of porphyrins with C. albicans is controversially discussed that ranges from no 
uptake to tight binding or even internalisation [37-41]. Many porphyrins are lipophilic and 
hence should accumulate in cellular membranes but the high water-solubility of XF73 
suggests localisation in the cytoplasm as well. Fluorescence microscopy showed the overall 
attachment of XF73 to the cell after washing, however, the low spatial resolution of optical 
microscopy impedes the evaluation of the subcellular photosensitizer localisation (fig. 4.18). 
Thus, it would be of importance to gain additional insight by evaluating the singlet oxygen 
luminescence data. 
However, XF73 showed substantial stacking of molecules that affected light absorption as 
well as the generation and decay of singlet oxygen. Stacking already occurred in pure  
along with the increase of the photosensitizer concentration. The stacking is additionally 
forced by the ionic pressure of . Such ions are either present in cells and are usually 
added in cell experiments in vitro via PBS to protect the cells from osmosis. Therefore, it is 
impossible to exclude such ions when investigating photosensitizers in cell experiments. 
Depending on the uptake mechanisms and the chemical structure, a photosensitizer 
localizes in cellular membranes or in the cytoplasm close to any cellular structures [42, 43]. 
Cytoplasm shows a similar concentration of  like PBS, therefore, it is very likely that 
aggregation of XF73 occurs in cells such as C. albicans. The time-resolved detection of the 
singlet oxygen luminescence in a solution of planktonic C. albicans cells incubated with XF73 
and surrounded by pure  has been done (fig. 4.1, B). In fact, the luminescence signal is 
similar to the signal of XF73 generating singlet oxygen in 30% PBS (fig. 4.15) showing a 
multi-exponential decay. This signal indicates a surrounding of XF73 within C. albicans cells 
whose ionic concentration is similar to that of > 30% PBS. Usually, the rise and decay times 
of luminescence provides information about the localisation of singlet oxygen and hence of 
the photosensitizer applied due to the short diffusion length of singlet oxygen in cells. As the 
molecule XF73 is strongly influenced by the salts of the phosphate buffer PBS, such 
interpretations could be misleading at the moment. This problem may also occur for any 
other photosensitizer that undergoes stacking in the presence of ions such as . 





Despite the results with XF73, the singlet oxygen luminescence detection in cells is a great 
tool to elucidate photodynamic processes. The porphyrin TMPyP showed neither stacking in 
the investigated range of concentration, nor interference with the salts of PBS. After 
attached to or taken up by C. albicans, the generated singlet oxygen could be easily detected 
by its luminescence with clear rise and decay components. The decay time of the singlet 
oxygen luminescence in figure 4.1(A) of 24 + 76.74 8 0.59μ: is clearly longer than the decay 
of the signal in pure air-saturated water (which is assigned to singlet oxygen, V∆ + 3.5	μ:) 
and can thus be most likely attributed to the decay time of the excited T1-state of TMPyP. If 
so, a triplet state decay time of VXY + 6.74	μ: suggests an oxygen concentration in its 
surrounding of  + 8 ∙ 10
0 which is then 30% of `Ea + 2.7 ∙ 10
 which is the 
oxygen concentration at its saturation level in .  
Nevertheless the striking phototoxic effect of XF73 in bacteria was demonstrated [16]. In 
vitro experiments showed a substantial reduction of bacteria (≈ 8 log10 steps), which were 
incubated very small XF73 concentrations (10b	) for 5	# and subsequently irradiated 
with an energy dose of 13.7	%. The action of singlet oxygen was proven with the 
addition of the singlet oxygen quencher 	
	, however, the photodynamic effect could not 
be completely inhibited by the quencher. In addition, the rather small XF73 concentration in 
the range of 0.01  10	μ in those bacteria experiments could have minimized the stacking 
effect and therefore maximized phototoxicity by an effective singlet oxygen generation. 
Aggregation effects influence also the fluorescence of a dye, which has recently been 
described by López-Chicón et al. with an investigation of Hypericin in different species of 
Candida [44]. The grade of aggregation depends on the surrounding and the fluorescence is 
low or not existent at a high photosensitizer aggregation, which occurs in -environment. 
Upon incubation of different species of Candida with Hypericin one can draw a conclusion 
about the localisation of the photosensitizer by monitoring the radiative decay, here the 
fluorescence that depends on the aggregation status.  
Recently, with an optimized experimental setup singlet oxygen generation in C. albicans cells 
was detected by irradiating directly the Soret-band of the porphyrin TMPyP at 420	 [45] 
(see chapter 5). With irradiation of the absorption maximum it is possible to detect singlet 
oxygen generation and decay at already very low photosensitizer concentrations in the 
range of few μ offering a concentration range where aggregation effects are expected to be 




Since the phototoxic efficacy depends on the localisation and also on the aggregation status 
of the photosensitizer, which is influenced by ions, further investigations and comparative 
studies on the change of the singlet oxygen luminescence in different species of 
microorganisms should lead to better insights about the change of the decay times due to 
the localisation. 
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In this chapter Candida albicans cells were incubated with the 
porphyrin TMPyP and the singlet oxygen luminescence was directly 
detected. These experiments were performed with planktonic cell 
samples in solution, as well as for the first time in biofilms, which form 
a surface and therefore are a challenging subject. Two different laser 
setups were used and the different results gave rise to a model 
proposed for the photosensitizer localisation and decay of singlet 
oxygen in planktonic cells. 








In the last years the direct detection of singlet oxygen by its luminescence at 1270	 has 
become sensitive enough to detect singlet oxygen generated in eukaryotic or prokaryotic 
cells that have been incubated with photosensitizers [1-5]. In these studies, also the role of 
oxygen and bacterial concentration on the singlet oxygen phosphorescence kinetics and the 
effect for aPDT has been investigated [4]. The intensity of these singlet oxygen luminescence 
signals depend critically on the given irradiation parameters, as such the irradiation 
wavelength, laser power and absorption of the photosensitizer at the respective wavelength, 
and the overall number of laser pulses. In this study the singlet oxygen luminescence 
generated in fungal and bacterial cells under different irradiation parameters are compared.  
The antifungal activity of singlet oxygen generated by photosensitizers, especially against 
Candida albicans, has been investigated widely in planktonic cell suspensions [6, 7]. In 
reality most of the time C. albicans will form biofilms that are much more difficult to destroy 
by the photodynamic effect due to an extracellular matrix within the biofilm [6, 8]. The 
biofilm matrix is a three-dimensional layer of cells and mainly consists of extracellular 
polysaccharides, specifically β-1,3 glucan for C. albicans. This gel-like material is highly 
hydrated and partly negatively charged due to the presence of carboxyl, sulphate or 
phosphate groups [9, 10]. In addition, such a biofilm, which is incubated with a 
photosensitizer, represents a surface model comparable to PU/PMMA system that is doped 
with porphyrins or PN molecules (see chapter 6).  
In the present work, the luminescence signal of singlet oxygen from photosensitizer-
incubated C. albicans both growing as planktonic cells and as biofilm was detected directly 
by time-resolved measurements at 1270	. Planktonic cell suspensions as well as biofilms 
of C. albicans in polystyrene Petri dishes were investigated with this method, the latter for 
the first time. 
Most of the measurements regarding the detection of the singlet oxygen luminescence were 
performed by irradiating Candida in suspension containing TMPyP and XF73. As described 
in chapter 3, PBS alone, due to the presence of 	
, leads already to a change of the rise 
component of the XF73-based singlet oxygen luminescence. Due to the dramatic influence of 
PBS on the stacking of XF73 that influences the singlet oxygen luminescence, the herein 
presented data are restricted to the results achieved with TMPyP. TMPyP did not show any 
change of the singlet oxygen luminescence when dissolved in PBS and has furthermore a 
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high photostability and a well investigated phototoxic effect against a variety of 
microorganisms [11]. TMPyP was recently described as effective photosensitizer for 
photodynamic inactivation of Candida in both liquid suspensions or localized on a surface 
[7] as well as an effective photosensitizer against bacteria [11, 12]. Thus, we assume that 
TMPyP is at least attached at the cell membrane of these microorganisms. 
During the experiments, a new tunable laser system was purchased that allowed the 
adaption of the excitation wavelength to the absorption spectrum of the applied 
photosensitizers. Due to the high number of data investigated under different conditions, 
this chapter describes results exemplarily, beginning with the singlet oxygen detection in 
planktonic solutions of Candida and in biofilms with the Nd:YAG laser, followed by the 
detection with the new tunable laser system. Mainly, the difficulties and issues in analysing 
and interpreting the singlet oxygen luminescence in Candida are described in regard to the 
photosensitizer concentration, the oxygen concentration and the site of the deactivation of 
the excited photosensitizer triplet state.  
  





5.2 EXPERIMENTAL SECTION 
 
5.2.1 Chemicals 
TMPyP (5,10,15,20-Tetrakis(1-methyl-4-pyridinio)porphyrintetra(p-toluene sulfonate), 
purity > 97%) and  were purchased from Sigma–Aldrich (Steinheim, Germany). 
Different photosensitizer concentrations have been prepared in pure  by dilution of a 
stock solution of 1	. 
 
5.2.2 Fungi cells 
Candida albicans strain ATCC-MYA-273 was used for the singlet oxygen luminescence 
detection. 
 
Preparation for the experiments with the Nd:YAG laser 
The planktonic cell samples were grown as described in detail in chapter 2 and prepared as 
follows: C. albicans with a concentration of 10		
 were diluted in PBS before mixed 
1:1 with different concentrations of TMPyP dissolved in , resulting in a cell 
concentration of 0.5 ∙ 10		
 and a PBS concentration of 50%. A volume of cell 
suspension of 2	 each measurement was used for the singlet oxygen luminescence 
detection. 
The biofilm formation was prepared as follows: C. albicans were diluted in 25% of fetal 
bovine serum (FBS) to 10		
 [13]. The cells were transferred to cell culture dishes 
(Petri dish, 35, 0/10 mm, Cellstar, Greiner bio-one, Frickenhausen, Germany) which consist 
of Polystyrene free of heavy metal. The cells were covering a growth area of 8.7	 and 
were incubated for 24	 at 37°C to allow biofilm formation. The biofilm was washed twice 
with PBS to remove nonadherent cells and subsequently incubated with different 
concentrations of the photosensitizer for 1	. The biofilm cells were washed once or non-
washed after incubation with TMPyP. To gain visible dryness, some biofilm samples were 
left for 1	 under the laminar flow of a sterile work bench. 
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Preparation for the experiments with the new tunable laser system 
The C. albicans cells were diluted in PBS to yield a concentration of 10		
 before 
mixed 1:1 with the photosensitizer. C. albicans was incubated with TMPyP dissolved in  
leading to a final concentration of 1, 10, and 100	μ of the photosensitizer in a total volume 
of 2	 for each sample. Furthermore, this dilution resulted in an overall PBS concentration 
of 50% in each sample. 
 
5.2.3 Singlet oxygen luminescence detection by direct spectroscopic methods 
Both, the Nd:YAG laser and the tunable laser system were used to irradiate incubated C. 
albicans. Different conditions were used for irradiation of the photosensitizers in C. albicans 
in order to generate singlet oxygen. These conditions are described separately for each 
experiment.  
 
Experiments with the Nd:YAG laser 
C. albicans planktonic solutions incubated with TMPyP (0.5 ∙ 10		
, if not stated 
otherwise) or in biofilms was excited with a frequency-tripled Nd:YAG-laser at  ! 532	, 
a laser power of # ! 60	%, a repetition rate of & ! 5	'(, and 100 000 laser pulses 
(! 20	) irradiation time) with a pulse duration of 70	) and a pulse energy of 12	μ*. During 
the irradiation with the laser the planktonic cells were magnetically stirred and the oxygen 
concentration in the surrounding of the cells was determined with an oxygen needle sensor.  
Additionally, for some samples of the planktonic solutions of C. albicans the singlet oxygen 
quencher NaN3 was incubated in parallel with TMPyP. Therefore, first a solution with NaN3 
and TMPyP with a concentration of 2.8	 and 200	μ was made in , before mixing it 
1:1 with the cell suspension, as described above. 
The singlet oxygen luminescence experiments with C. albicans planktonic solution and 
biofilms were immediately performed after incubation and one washing step in acrylic 
cuvettes (planktonic solutions) or on polystyrene Petri dishes (biofilms). For both plastic 
materials no singlet oxygen generation was detected within the noise level of the PMT when 
excited at 532	 under the given experimental conditions (data not shown). On the biofilm 
samples in the Petri dishes the spot size of the excitation laser was expanded using an 
optical lens yielding an irradiation area of + 7	 in regard to the size of the biofilm in the 





Petri dishes. The singlet oxygen luminescence was detected directly time-resolved at 
1270	 using a FWHM = 30	 filter (LOT Oriel GmbH, Darmstadt, Germany).  
 
Experiments with the new tunable laser system 
C. albicans planktonic solutions incubated with TMPyP (0.5 , 10		
) with an overall 
volume of 2  was excited either in its Soret band at  ! 420	 or it its Q-band at 
 ! 520	 with a tunable laser yielding a laser power of # ! 360	% for each 
wavelength. The laser works with a repetition rate of & ! 1	'(, and 10 000 laser pulses 
(! 10	) irradiation time) were applied to the cells samples with a 4 - 7	) pulse width. With 
the given parameters an energy of 360	μ* per pulse was applied. 
Immediately after mixing the cells with TMPyP (incubation . 1	/), the samples were 
irradiated in acrylic cuvettes (Sarstedt, Nümbrecht, Germany) during magnetic stirring and 
the oxygen concentration in the surrounding of the cells was determined with an oxygen 
needle sensor. The singlet oxygen luminescence was detected time-resolved at 1270	 
using a FWHM = 30	 filter (LOT Oriel GmbH, Darmstadt, Germany). Biofilm samples were 
not investigated with the tunable laser system. 
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5.3 RESULTS & DISCUSSION  
 
In this chapter for the first time the singlet oxygen luminescence was directly detected at its 
transition at 1270	 with spectroscopic methods first in incubated planktonic cells of C. 
albicans and secondly in C. albicans biofilms. In addition to the standard laser system with 
excitation wavelengths of 355 or 532	,  a new tunable laser setup was used, which 
provided light pulses at a wavelength at which the photosensitizer TMPyP in C. albicans 
planktonic cells could be irradiated in its absorption maximum (Soret band). Thus, the 
luminescence in cell suspensions could be precisely detected even at TMPyP concentrations 
below 5	μ with a high signal-to-noise ratio. This offers more accurate determinations of 
the rise and decay times of singlet oxygen luminescence signals, which might be especially 
helpful for low photosensitizer concentration after cell washing procedures. 
The C. albicans cells were incubated with TMPyP for different time spans and both, 
planktonic cell suspensions and biofilms, were either passed through one washing step or 
remained unwashed. The biofilms were investigated additionally under wet and dry (visible 
dryness) conditions. The determined rise and decay times for all samples were compared to 
pure TMPyP in . In order to assign the rise and decay time of the singlet oxygen 
luminescence signals, generated by irradiation with a Nd:YAG laser, some samples of the 
planktonic C. albicans solutions contained the singlet oxygen quencher . 
With a new tunable laser setup irradiation of TMPyP in its Soret band was performed in 
planktonic Candida solutions. Therefore, C. albicans were incubated with different 
photosensitizer concentrations and the singlet oxygen luminescence signals were compared 
for non-washed cells and very short incubation time. Moreover, the different absorption 
properties of TMPyP in its Soret band and in its Q-band and the influence on the singlet 
oxygen luminescence signals were compared. 
 
5.3.1 Fluorescence imaging of TMPyP in C. albicans planktonic cells and biofilm 
Prior to the singlet oxygen detection, fluorescence microscopy was performed to confirm 
uptake or attachment of TMPyP-molecules by planktonic or biofilm growing C. albicans [14]. 
Therefore, both planktonic cells and biofilm were incubated each with a TMPyP 
concentration of 100	μ for 60 min. Subsequently, the cells were washed once in order to 
remove non-adherent photosensitizer molecules. Figure 5.1 (A) shows the bright field image 





of planktonic cells, which was overlaid with the fluorescence of TMPyP in (B). The cell wall 
(A, black arrow) and the cell nucleus (A, white arrow) can be detected clearly. Figure 5.1 (C) 
shows the bright field image of the biofilm. The corresponding fluorescence image was 
overlaid with the bright field image (D). The polyphenic character of C. albicans can be seen 
by the presence of ovoid yeast cells, pseudohyphae and hyphae (invasive form). Figure 5.1 
(E) shows only the TMPyP fluorescence as detected in the biofilm (fig. 5.1 C), which could 
not be defined accurately in regard to the depth of focus due to the 3-dimensional formation 
of the biofilm. In summary, the data shows uptake of TMPyP in both, planktonic cells and 
biofilm, to a certain extent [14]. 
 
    
    
(A) (B) 
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Fig. 5.1: Fluorescence microscopy of C. albicans (A-B) planktonic cells and (C-E) biofilm incubated with 100 µM 
TMPyP and washed once to remove non-adherent photosensitizer molecules; (A) bright field image 
planktonic cells (B) overlay of TMPyP fluorescence with bright field image planktonic cells (C) bright field 
image biofilm (D) overlay TMPyP fluorescence with bright field image biofilm (E) fluorescence TMPyP 
incubated in biofilm [14]. 
   
5.3.2 Direct spectroscopic detection of singlet oxygen in TMPyP dissolved in 012 
TMPyP with a concentration of 10	3 was investigated in pure air-saturated  with an 
oxygen concentration of 45 ! 0.27 , 10

	 and revealed a rise and decay time (data not 
shown). The decay time of singlet oxygen is 6∆ ! 83.5 9 0.4:μ) which correlates to the 
literature values of singlet oxygen decay in  [1]. The decay time of the excited triplet-T1-
state of TMPyP is 6;< ! 82.1 9 0.2:μ). Spectroscopically resolved singlet oxygen 
measurements in  gave a peak at 1270	 [11] and are together with the time resolved 
measurement an evidence for the generation of singlet oxygen. 
 
5.3.3 Direct spectroscopic detection of singlet oxygen in planktonic C. albicans cells 
with the Nd:YAG laser 
C. albicans planktonic cell solutions were incubated with TMPyP resulting in a final 
concentration of 10 or 100	μ in the solution. Since the wavelength of the Nd:YAG laser was 
restricted to 532	, only the first Q-band of TMPyP could be irradiated. In order to have an 
appropriate photosensitizer absorption and therefore a good signal-to-noise ratio of the 
singlet oxygen luminescence signal these photosensitizer concentrations were used. The 
incubated C. albicans cells were either investigated non-washed or were washed once 
(E) 





before they were exposed to laser irradiation. This was done in order to detect differences 
in the rise and decay times, which depend critically on the localisation of the photosensitizer 
and to avoid a dominance of the singlet oxygen generated by non-adherent TMPyP 
molecules in the  surrounding of the cells. 
First, the rise and decay time of the singlet oxygen luminescence of non-washed cell 
suspensions incubated with 10 and 100	μ of TMPyP (incubation time: 15	/) were 
determined from a signal with a high signal-to-noise ratio. Exemplarily, the time-resolved 
singlet oxygen luminescence with 100	μ TMPyP is shown in the following figure 5.2 
together with the deviation of the bi-exponential fit-curve (least square fit). Rise and decay 
times are summarized in table 5.1, displaying the mean value of three independent 
experiments with an experimental accuracy of 10%. As determined with the oxygen needle 
sensor, the oxygen concentration in the surrounding of the cells was at air-saturation 
(45 ! 0.27	) during the irradiation with 100 000 laser pulses (= irradiation time of 
20	)).  
The rise and decay times of the cell samples that were incubated with TMPyP and non-
washed showed the characteristic rise and decay time for both photosensitizer 
concentrations in a pure air-saturated solution of . Since the cells were not washed after 
incubation, a great deal of photosensitizer molecules should have been located in the water 
in between the cells. Thus, singlet oxygen was mainly generated in the water, which 
correlates with the decay time of the detected luminescence signal (+ 3.5	μ)). 




Fig. 5.2: Singlet oxygen luminescence signal generated by TMPyP incubated in a C. albicans planktonic solution by 
irradiation with λ = 532 nm, P = 60 mW, f = 5 kHz, and 100 000 laser pulses in an acrylic cuvette; TMPyP 
was incubated for 15 min with a concentration of 100 µM and the cells were non-washed; cell 





Tab. 5.1: Rise and decay times of the singlet oxygen luminescence generated by a concentration of c = 10 and 100 
µM of TMPyP in a C. albicans planktonic cell suspension containing 0.5·107 cells per mL; the cells were 
incubated 15 min and non-washed. (for 10 µM: n = 3, for 100 µM: n = 5; exp. accuracy: 10%) 
After one washing step the results for the singlet oxygen luminescence vary. For 10	μ 
TMPyP, singlet oxygen luminescence was not detected, but for 100	μ the detection 
succeeded, yielding rather different luminescence intensities or signal-to-noise ratios. An 
example of a singlet oxygen luminescence signal of a washed planktonic cell suspension 
after 15	/ of TMPyP-incubation is shown in figure 5.3. The detection criteria, although, 
changed (& ! 2	'(, # ! 50	%, 40 000 laser pulses) and thus the results summarized in 
planktonic 
c [μ=] >? [μ@] >A [μ@] 
10 2.0 3.5 
100 2.0 3.7 





table 5.1 might be compared carefully (intensity of the signals are not comparable due to the 
use of different laser power, frequency and number of pulses). 
 
 
Fig. 5.3: Singlet oxygen luminescence signal generated by TMPyP incubated in a C. albicans planktonic solution by 
irradiation with λ = 532 nm, P = 50 mW, f = 2 kHz, and 40 000 laser pulses in an acrylic cuvette; TMPyP 
was incubated for 15 min with a concentration of 100 µM and the cells were washed once; cell 
concentration of 0.5·107 cells per mL; the deviation of the fit-curve is shown below the singlet oxygen 
luminescence signal. 
In this example (fig. 5.3) singlet oxygen luminescence yielded a rise and decay time of 
BC ! 81.5 9 0.2:μ) and BD ! 87.2 9 0.7:μ) (mean of two experiments). During the 
measurement (20	)) the oxygen concentration in the suspension decreased from 
45 ! 0.30	 to 45 ! 0.27	 (≈ 10%). Compared to the results summed up in table 
5.1 the rise time becomes shorter and the decay time longer. At the site of the 
photosensitizer due to the value BD an oxygen concentration in the range of 45 ! 80.067 -
0.081: (≙ 25 – 30%) is proposed by comparison of the values of an oxygen variation for 
TMPyP in .  
Reflecting the findings of Regensburger et al. of TMPyP in bacteria, a similar behaviour was 
obtained herein with C. albicans (tab. 5.2). An oxygen variation in the surrounding of the 
bacteria suggested that the decay times of the signals could be assigned to the triplet-T1-
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state of the photosensitizer and a decay of singlet oxygen, 6∆, was in the range of 1.7 - 2.9	μ) 
[15]. 
 
 >?	4μ@5 >A	4μ@5 4215012	@FGGHFIJKIL 
S. aureus 1.76 6.39 90% ≙ 0.24  
E. coli 1.83 4.22 100% ≙ 0.27  
 
Tab. 5.2: Rise and decay times of the singlet oxygen luminescence signal generated by TMPyP in bacteria; S. aureus 
and E. coli were incubated 60 min and subsequently washed once to remove non-adherent TMPyP [15]. 
Nevertheless, the effectivity of the uptake of TMPyP into C. albicans is not finally clarified 
with the so far presented measurements. No singlet oxygen generation was detected with a 
TMPyP concentration of 10	μ which suggested a weak attachment to the exterior cell wall 
of C. albicans or signal under the detection limit. Quiroga et al. report that the amount of cell-
bound TMPyP reached the highest value around 15	/ of incubation but an enhancement 
of the incubation time did not lead to higher uptake. They reported a decrease of TMPyP 
molecules of about 70% after one washing step with 5	μ TMPyP and an incubation time of 
15	/. Nevertheless, their phototoxic studies of once washed C. albicans cells that were 
incubated with 5	μ TMPyP for 30	/ showed a killing efficiency of + 2.5		MNO-steps 
(irradiation conditions: 15	/, 90	%
) [7]. Therefore, also at low photosensitizer 
concentrations like 5	μ, a singlet oxygen luminescence signal should be detected after one 
washing procedure. In our experiments, after one washing step, the amount of generated 
singlet oxygen luminescence photons might have been below the detection limit, since the 
photosensitizer was also not irradiated properly at its highest absorption in the Soret band. 
In order to assign the rise and decay time of the luminescence signal to the decay of singlet 
oxygen or the excited triplet-state of the photosensitizer (tab. 5.1), the singlet oxygen 
quencher  was added to the cell suspension with an overall concentration of 1.4	 in 
the solution. This is a typical quencher concentration value, where a shortening of the 
singlet oxygen decay time occurs. Again, the oxygen concentration in the surrounding of the 
cells was determined to be equal with air-saturated pure  (45 ! 0.27	). 
 






Fig. 5.4: Singlet oxygen luminescence signal, generated by TMPyP incubated in a C. albicans planktonic solution by 
irradiation with λ = 532 nm, P = 60 mW, f = 5 kHz, and 100 000 laser pulses with a NaN3 concentration of 
1.4 mM in an acrylic cuvette; TMPyP was incubated for 15 min with a concentration of 100 µM and the 
cells were non-washed; cell concentration = 0.3·107 cells per mL; the deviation of the fit-curve is shown 
below the singlet oxygen luminescence signal. 
After adding 1.4	 of  in the cell suspension the singlet oxygen luminescence signal 
has a good signal-to-noise ratio and the fit deviation is equally distributed (fig. 5.4). Due to 
the influence of  the decay time B ! BD ! 82.5 9 0.3:μ) becomes shorter, whereas the 
rise time B ! BC ! 82.0 9 0.2:μ) does not change. From this effect we conclude that  B ! 6∆ 
and B ! 6;< , because  quenches predominantly the singlet oxygen decay time. 
In conclusion for these singlet oxygen luminescence experiments, the results from the non-
washed cells with and without  suggest a decay of singlet oxygen predominantly in 
-surrounding, with a decay time around 3.5	μ). According to Regensburger et al. the 
quenching of singlet oxygen due to the presence of proteins within the cell would lead to 
faster singlet oxygen decay and thus it is assumed that the herein presented measurements 
singlet oxygen was generated most likely predominantly in the aqueous environment 
outside the cell [15]. This consideration fits with the short rise time determined in C. 
albicans after one washing step, where the number of TMPyP molecules in contact with 
proteins increased. Nevertheless, the weak signal-to-noise ratio for 10	μ does not allow 
precise determinations of the rise and decay time, received with washed cells, and thus has 
to be enhanced. 
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5.3.4 Detection of singlet oxygen in biofilms with the Nd:YAG laser 
C. albicans biofilms were incubated for 1	 with 10 or 100	μ TMPyP after biofilm 
formation. The incubated C. albicans cells in the biofilm were either investigated non-
washed or were washed once by rinsing with PBS before they were exposed to laser 
irradiation. This was done in order to see changes in the singlet oxygen luminescence signal 
which might give a hint on the attachment of the photosensitizer and also its localisation.  
Exemplarily, the time-resolved singlet oxygen luminescence generated by 100	μ TMPyP in 
the C. albicans biofilm, non-washed and washed, are shown in the figure 5.5. The biofilm was 
surrounded by air at room temperature, before the irradiation. 
The signal-to-noise ratio is sufficient in order to determine a bi-exponential fit of the singlet 
oxygen luminescence signal for the non-washed and washed biofilm samples. Three 











Fig. 5.5: Singlet oxygen luminescence signal generated by TMPyP incubated in a C. albicans biofilm by irradiation 
with λ = 532 nm, P = 60 mW, f = 5 kHz, and 100 000 laser pulses in a polystyrene petri dish; TMPyP was 
incubated after biofilm formation for 1 h with a concentration of 100 µM, the supernatant was removed 
and the biofilm was (A) non-washed or (B) washed with PBS once; the deviation of the fit-curve is shown 
below the singlet oxygen luminescence signal. 
 
biofilm 
 >? [μ@] >A [μ@] 
non-washed 1.5 10.9 
washed 1.3 10.5 
 
Tab. 5.3: Rise and decay times of the singlet oxygen luminescence signals generated by TMPyP-incubated biofilms; 
(n = 3, exp. accuracy: 10%) 
For the non-washed, but wet biofilms a rise time of BC ! 81.5 9 0.2:μ) and a decay time of 
BD ! 810.9 9 1.1:μ) was detected. Thus, the rise time is about 0.5	μ) shorter compared to 
the cells in planktonic solution, which is a difference that is beyond the experimental 
accuracy of 10%; the decay part becomes approximately 7.5	μ) longer in the biofilm 
compared to planktonic solution.  
Furthermore, the washing procedure does neither lead to a change in rise and decay time 
nor in the intensity of the luminescence. This suggests penetration of TMPyP into the 
biofilm, as confirmed by fluorescence microscopy (fig. 5.1, C, D, E). It was detected that the 
(B) 
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photosensitizer molecules were not washed away easily with the applied gentle washing 
method.  
In planktonic cells singlet oxygen luminescence was detected predominantly after 
incubation with a rather high concentration of 100	μ, which was also confirmed by 
fluorescence microscopy (fig. 5.1, A, B) attachment of TMPyP after 15	/ of incubation was 
found only in some samples, and. Biofilms form an additional extracellular matrix and the 
biofilm samples were incubated longer than the planktonic cells. On the one hand, an 
enhancement of the incubation period to 1	 might be more effective for photosensitizer 
penetration. On the other hand, the additional matrix structure of biofilms has different 
constituents compared to the C. albicans cell membrane and therefore TMPyP might be 
linked also in the matrix and thus have a better attachment to a biofilm than to planktonic 
cells due to the fact that the biofilm matrix consists mainly of polysaccharides, specifically β-
1,3 glucan, which is hydrophilic like TMPyP. 
Drying out the biofilm for 1	 under a laminar flow of a sterile work bench was done in 
order to exclude the -environment. A comparison of the so achieved dry biofilms with 
the non-dry samples leads to almost similar rise and decay of the singlet oxygen 
luminescence, as can be seen in table 5.4. 
 
biofilm, dry 
 >? [μ@] >A [μ@] 
non-washed 1.4 11.2 
washed 1.6 13.0 
Tab. 5.4: Rise and decay times of the singlet oxygen luminescence signals generated by TMPyP-incubated biofilms; 
the biofilms were dried for 1 h under a laminar flow of a sterile work bench. (n = 3, exp. accuracy: 10%) 
Both, rise and decay time, do not change within experimental accuracy compared to the 
non-dry biofilm samples. In the non-dry biofilms the amount of  surrounding the cells 
and surrounding the singlet oxygen generator TMPyP is less compared to cells in planktonic 
solution. As the amount of  in the biofilm cannot be estimated properly it is not clear 
how much the remaining  influences the singlet oxygen decay time. After drying the 
biofilm 1	 under the laminar flow the signals and thus the decay time of the photosensitizer 
and singlet oxygen do not change within experimental accuracy. This leads to the 
assumption that a similar surrounding of the photosensitizer is given compared to the non-
dry biofilms. The extracellular matrix might keep a constant amount of water within the 1	 





drying process. It is known, that the gel-like matrix is highly hydrated, which enhances the 
lifetime of the cells under dry conditions [9].  
Polysaccharides, specifically β-1,3 glucan, are a main component of the C. albicans biofilm 
matrix. Degrading of polysaccharides by ROS such as singlet oxygen has been reported [16, 
17]. A decay time of BD + 11	μ) (tab. 5.3, 5.4) reported herein for both, non-dry and dry 
biofilm samples, is close to a decay time of singlet oxygen in lipid environment as 
determined by Baier et al. to be + 14	μ) with lipid spreads on quartz glass [1]. The singlet 
oxygen luminescence of these dry lipid samples compared to their non-dry counterparts 
revealed also an almost unchanged decay time of singlet oxygen of 14	μ) and thus an 
influence of  was also there excluded to a great extent [1]. However, a shorter decay 
time compared to the decay in  (! 3.5	μ)) might be reasonable as well with 
characteristic singlet oxygen quenching features of polysaccharides [18, 19]. 
 
5.3.5 Detection of singlet oxygen in planktonic C. albicans cells with the tunable 
laser system and a gas flow unit 
During the cell study the experimental was optimized with a tunable laser system and a gas 
flow unit. On the one hand, it is well-known that high cell concentrations consume oxygen, 
especially under irradiation, which influences dramatically the singlet oxygen generation 
[4]. With a gas flow unit, flooding with a constant ratio of  and  and a constant volume 
per time unit, the oxygen concentration in the cell surrounding, especially with a high 
concentration of cells, could be adjusted and kept constant. Therefore, the same oxygen 
conditions in the exterior of the planktonic cells could be adjusted and kept during the 
singlet oxygen measurement. In order to have a fast diffusion of the / in the cell 
solution the gas flow is accompanied by magnetic stirring. 
On the other hand, with the tunable laser every photosensitizer could be irradiated 
optimally. Thus, it was possible to irradiate TMPyP directly in its Soret band at 420	. 
Irradiation with the appropriate wavelength leads to an effective absorption causing higher 
signal intensity of the singlet oxygen luminescence which can be evaluated properly. 
Especially low photosensitizer concentrations (. 5	μ) led usually to an already low signal-
to-noise ratio for irradiation with the Nd:YAG laser at 532	. Very low photosensitizer 
concentrations can be found particularly when incubated cells undergo washing processes 
and the remaining photosensitizer attached to cells is spectroscopically investigated. 
Quiroga et al. reported a binding saturation value of 1.7	M		10
 C. albicans cells after 
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incubation with 5	μ TMPyP for 30	/ incubation time [7]. In that example very low 
photosensitizer concentrations are reached which are the basis for direct spectroscopic 
singlet oxygen detection. Additionally, high photosensitizer concentrations might cause dark 
toxicity during the incubation process, which was reported by Maisch et al. for the 
porphyrin XF73 [20]. By avoiding high photosensitizer concentrations, the probability of the 
singlet oxygen luminescence being detected in vital cells might be enhanced also by a lower 
probability of possible self-quenching of the photosensitizer. 
Due to the high cell concentration of 0.5 ∙ 10		
 for C. albicans the oxygen 
consumption by the microorganisms has to be compensated by flooding the planktonic cell 
solutions under magnetic stirring with a constant gas flow of 0.1		/
 of  and 
0.4		/
 of  (≙ air-saturation level of oxygen) in order to keep a constant amount of 
oxygen in the solution comparable to that in air-saturated water. The probes were 
irradiated with two different wavelengths of  ! 420	 and 520	 which correspond to 
the absorption maximum of TMPyP (Soret-band) and its first Q-band, respectively. TMPyP 
solutions were added to the cell suspensions immediately before the irradiation with no 
washing procedure and therefore the overall incubation time did not exceed 1	/. 
 
5.3.5.1 Irradiation with 520 nm in the first Q-band of TMPyP 
First, optimal irradiation of the first Q-band of TMPyP was done at 520	 to compare the 
findings of the setup with the Nd:YAG laser, which also irradiated the first Q-band, but non-
optimally at 532	. Therefore, the percentaged absorption of 10	μ changed from 17.4% 
(at 532	) to 22.3% (at 520	) and for 100	μ from 15.5% (at 532	) to 25.6% (at 
520	), respectively. The new tunable laser is working with a much higher laser power of 
360	% (Nd:YAG, 60	%) but at a lower frequency of 1	'( (Nd:YAG, 5	'(). Further, the 
irradiation time was shorter and 10 000 laser pulses (! 10	)) were used for collecting the 
singlet oxygen photons within one measurement instead of 100 000 pulses (! 20	)) in case 
of the Nd:YAG laser. Figures 5.6 (A) and (B) show the singlet oxygen luminescence for 10 
and 100	μ TMPyP that was incubated in C. albicans  with an incubation time of . 1	/.  
 







Fig. 5.6: Singlet oxygen luminescence signals generated by TMPyP incubated in a C. albicans planktonic cell 
suspension (2 mL) by irradiation the first Q-band of the photosensitizer at λ = 520 nm, P = 360 mW, f = 1 
kHz, and 10 000 laser pulses in an acrylic cuvette containing 50% PBS in H2O; TMPyP was incubated < 1 
min with a final concentration of 10 µM (A) or 100 µM (B); the planktonic cells were not washed; cell 
concentration 0.5·107 cells mL-1; the deviation of the fit-curve is shown below the singlet oxygen 
luminescence signal; the blue dashed line indicates a mono-exponential decay and the blue arrow indicates 
the deviation from that mono-exponential decay pattern. 
The detected singlet oxygen luminescence signals had a high signal-to-noise ratio and 
therefore the rise and decay times could be determined accurately. For a concentration of 
10	μ B ! BD ! 85.1 9 0.5:μ) is the decay time and  B ! BC ! 82.3 9 0.2:μ) is the rise time 
of the luminescence signal. A deviation from an only mono-exponential decay (as indicated 
(A) 
(B) 
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with the blue dashed line) can be seen in figure 5.6 (A, arrow), but a second decay time 
could not be fitted. A deviation from a mono-exponential decay is even more prevalent in 
figure 5.6 (B, arrow), using a concentration of 100	μ. Also there, B ! BD ! 84.3 9 0.4:μ) is 
the decay time and  B ! BC ! 82.0 9 0.2:μ) the rise time of the luminescence signal. Both 
rise times for the two different TMPyP concentrations are in good agreement with the 
values for the rise time of TMPyP in pure  at air saturation, within experimental 
accuracy (see sub-chapter 5.3.2). The decay time of the signal obtained with 100	μ is as 
well in agreement with the data for singlet oxygen generated by TMPyP in pure , and 
therefore is assigned to the singlet oxygen decay time.  
Compared to the C. albicans planktonic cell solution that was incubated for 15	/ and 
irradiated at 532	, the cells were now incubated for less than 1	/. Therefore, one might 
expect less uptake of the photosensitizer TMPyP and a rise and decay time of the singlet 
oxygen luminescence signal close to the values in pure . Nevertheless, for 10	μ, a 
decay time value of BD ! 5.1	μ) was obtained which might reflect, that a higher proportion 
of singlet oxygen molecules is quenched very close or attached to the C. albicans cells. Thus, 
a decay time of singlet oxygen in  (6∆ ! 3.5	μ)) and the influence of lipids (6∆ ! 14	μ)) 
on the decay might lead to a mixed value of BD ! 5.1	μ).  
Furthermore, a higher sensitivity of the signal might be the case due to higher irradiation 
power, coupled with higher absorption at 520	, a different handling in the cell 
preparation and slight fluctuation in the cell concentration. An additional underlying signal 
might therefore have not been detectable with the old setup. The additional slight bend in 
the decay part of the luminescence signals for both photosensitizer concentrations (fig. 5.6, 
arrows) might be then reasonable for the deviation of the value for the decay time, resulting 
in longer decay times compared to figure 5.2. Also, the higher laser power during the 
measurement might have an influence on the integrity of the cells. Nevertheless, the signals 
with the new setup are considered to be more sensitive due to the additional bend in the 
decay part of the signal, possibly indicating a further decay time of singlet oxygen or the 
photosensitizer in the given system of  and cells. So far, the difference of the signals at 
532	 and 520	 can only be followed by additional measurements, varying the laser 
power, the irradiation time, the cell concentration, the photosensitizer concentration, or the 
oxygen concentration in the surrounding. 
 
 





5.3.5.2 Irradiation with 420 nm in the Soret band of TMPyP 
In order to compare the outcome of the experiments with the new setup with the results 
presented for the Nd:YAG laser in 5.3.2 the same concentrations for TMPyP of 10	μ and 
100	μ were used. Due to a higher sensitivity by the irradiation in the Soret band of the 
photosensitizer ( ! 420	), additionally a concentration of 1	μ was investigated as 
minimal photosensitizer concentration. Irradiation in the Soret-band of the photosensitizer 
is therefore reasonable in regard to the use of lower photosensitizer concentrations.  
The following 3 graphics show the singlet oxygen luminescence for the 3 different 
concentrations of TMPyP (fig. 5.7) irradiated with  ! 420	. The oxygen concentration in 









Fig. 5.7: Singlet oxygen luminescence signals generated by TMPyP incubated in a C. albicans planktonic cell 
suspension (2 mL) by irradiation with λ = 420 nm, P = 360 mW, f = 1 kHz, and 10 000 laser pulses in an 
acrylic cuvette containing 50% PBS in H2O; TMPyP was incubated < 1 min with a final concentration of 1 
µM (A), 10 µM (B) or 100 µM (C); the planktonic cells were not washed; cell concentration 0.5·107 cells mL-
1; the deviation of the fit-curve is shown below the singlet oxygen luminescence signal; the blue dashed line 
indicates a mono-exponential decay and the blue arrow indicates the deviation from that mono-
exponential decay pattern. 
All of the detected singlet oxygen luminescence signals had a high signal-to-noise ratio and 
therefore the rise and decay times could be determined accurately and are summarized in 
table 5.5. Most eye-catching are probably the change in the shape of the singlet oxygen 
luminescence signals and the change of their rise and decay time(s) depending on the 
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detected when irradiating with 420	, compared to 520	. For these artificially high 
concentrations it might be good for signal recording to irradiate in wavelength regions of 
the photosensitizer, that are transparent to a certain extent in order to avoid effects of 
photosensitizer over-saturation and to guarantee a full irradiation of the sample. 
Nevertheless, high concentrations in the range of 100	μ are only of scientific interest, 
especially when characterizing the photosensitizer and its properties. For obtaining the 
vitality of cells in the presence of photosensitizer molecules, lower concentrations are 
preferred. On the one hand, dark toxicity can be avoided and the influence of the 
photodynamic effect during singlet oxygen detection and the laser irradiation might also be 
minimized. On the other hand, as already mentioned very low binding saturation values 
(1.7	M	/10 cells) of TMPyP to C. albicans have been reported by Quiroga et al. [7]. 
Therefore, irradiation with the appropriate wavelength enhances the generation of singlet 
oxygen dramatically. Exemplarily, the concentration of 1	μ TMPyP was incubated in C. 
albicans. The singlet oxygen luminescence signal detected for this low concentration at an 
irradiation wavelength of 420	 shows only one decay time of BD ! 89.2 9 0.9:μ), but a 
rise time was not detected. However, this decay time is controversially discussed. Baier et al. 
reported a decay of + 9	μ) to be the decay time of singlet oxygen in aqueous suspensions of 
lipid droplets, or in aqueous suspensions of human colonic cancer cells (HT29) when 
incubated with the porphyrin Photofrin [1]. In contrast to that, a decay time of BD !
89.4 9 0.9:μ) was assigned to the decay of the excited triplet-T1-state of TMPyP by 
Regensburger et al. They showed a singlet oxygen luminescence signal from HT29 
(4 , 10		
) which were incubated 60	/ with TMPyP (250	μ) while keeping the 
solution at an air-saturation level for oxygen [15]. Regensburger et al. detected the 
localisation of TMPyP within the cytoplasm of HT29 cells in non-specified vesicles via 
fluorescence microscopy after incubation with 250	μ for 60	/. Neither a localisation in 
the plasma membrane nor in the cell nucleus was observed. From this Regensburger et al. 
concluded a singlet oxygen decay time shorter than in pure water due to the presence of 
proteins in the cytoplasm, which act as singlet oxygen quencher and the decay time of 
singlet oxygen was estimated to be below 0.5	μ)	[15]. To confirm this assumption, a 
variation of the oxygen concentration in the surrounding of the cells was done. An oxygen 
decrease to 70% of the air-saturation led to an increase of the decay time of the signal to 
14	μ) which indicated the assignment to the excited triplet state of the photosensitizer.   
A similar behaviour was observed with the porphyrin XF73 in HT29 cells, which was 
detected also in the cell membrane by fluorescence microscopy [15]. In the XF73 study the 
decay time was increasing with decreasing oxygen concentration in the extracellular 
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surrounding and was hence assigned to the decay time of the excited triplet-T1-state of the 
photosensitizer [15]. These contrary interpretations of the decay time of singlet oxygen 
luminescence signals in HT29 cells by Baier and Regensburger was due to different handling 
and knowledge about the oxygen concentration and consumption during the singlet oxygen 
detection [4, 5, 21]. Therefore one important point must be the constancy of the oxygen 
concentration. With the needle sensor and the new gas flow unit, the extracellular oxygen 
concentration can now be well defined during the singlet oxygen detection.  
Similar findings are reported as well by Regensburger et al. for TMPyP in prokaryotic cells 
but the comparison with these cells and HT29 cannot help to explain the rise and decay 
times detected in suspensions with C. albicans, since it has different cell wall properties and 
thus different possible localisation of TMPyP. A final assignment of the decay time detected 
in C. albicans for 1	μ TMPyP at 420	 can be done only with additional measurements 
like a variation of the extracellular oxygen concentration or the addition of sodium azide. 
Since the sensitivity in the detection of singlet oxygen was increased by the optimal 
irradiation wavelength (tunable laser system), much smaller amounts of photosensitizer 
molecules can be used.  
 
The presence of at least 2 decay times in the singlet oxygen luminescence generated by 
10	μ of TMPyP and irradiated with 420	 and additionally the difference to the signal for 
1	μ and 100	μ TMPyP lead to the assumption that the deactivation of the photosensitizer 
and singlet oxygen takes place in different surroundings. The prevalence of the respective 
decay times seems to be dependent on the photosensitizer concentration. Since a low 
concentration of porphyrins is offered to the cells they might be not yet saturated with 1	μ 
and an uptake of almost every TMPyP molecule might occur. Enhancing the photosensitizer 
concentration an over-saturation might start, leaving TMPyP in the exterior of the cells. 
The difference in the surrounding might be for example a high and low oxygen 
concentration or two environments of which one is dominated by water and the other one 
by lipids. The latter hypothesis might be supported by a study of Ragàs et al. who detected a 
double localisation of TMPyP, at DNA (inside) and the cell wall (outside) of E. coli cells. 
Furthermore, they stated that singlet oxygen is able to cross the cell wall of these 
microorganisms [3]. Although these findings might not be directly conferrable to C. albicans, 
they show that TMPyP has the ability to localize at different sites of the cell.  





In addition, assuming two different oxygen concentrations at two sites of singlet oxygen 
generation by two different localisations of TMPyP might also lead to a change of the 
meaning of the rise and decay time(s) of the singlet oxygen luminescence signal. From 
previous studies with TMPyP in pure  it is known that a change of the meaning of rise 
and decay times occurs around 50% of air saturation (45 ! 135	μ). The smaller the 
oxygen concentration the lower is the possibility for the deactivation of the excited triplet-
T1-state of TMPyP and therefore its decay time becomes longer.  
If the TMPyP is located inside and outside the Candida cell and assuming that the oxygen 
concentration in the cell is below 135	μ we consider the following model. In that model 
the complex cellular environment is simplified by neglecting the presence of chemical 
singlet oxygen quenchers and only the oxygen concentration influences the signal. In the 
intracellular region with an assumed oxygen concentration below 135	μ the rise time of 
the singlet oxygen luminescence signal is assigned to singlet oxygen and the decay time to 
the triplet-T1-state of TMPyP. In the extracellular region at air-saturation these times are 
assigned the opposite way (see tab. 5.6). 
 
region intracellular extracellular,  
[21] . 135	μ 270	μ 
>? singlet oxygen TMPyP triplet-T1-state 
>A TMPyP triplet-T1-state singlet oxygen 
 
Tab. 5.6: Overview of the assignment of the rise and decay time of the singlet oxygen luminescence signal in the 
intracellular region with low oxygen concentration and in the extracellular region with high oxygen 
concentration. 
If now these two singlet oxygen luminescence signals overlay, two rise and two decay times 
might be mixed and the evaluation technique might be not sufficient. Similar findings were 
presented by Baier et al. who investigated a model of singlet oxygen decay in different 
surroundings by irradiating a photosensitizer at the same time in  and in lipids under 
exclusion of interfusion of the two ‘solvents’. In that study a singlet oxygen luminescence 
signal with a normal rise but a clear bi-exponential decay was observed with two inherent 
singlet oxygen decay times of 83.5 9 0.5:μ) in  and 816.5 9 2.5:μ) in lipids [22]. For our 
data determined by irradiation of Candida at 420	 with a TMPyP concentration of 10	μ, 
we obtained a bi-exponential decay (fig. 5.7 (B)). In our model, the decay time BD ! 22	μ) 
describes the deactivation of the excited photosensitizer in the intracellular and the shorter 
decay time BD ! 4.8	μ) describes the decay of singlet oxygen in the extracellular region. For 
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the rise time this applies vice versa, but an effect can not directly be detected since the more 
intense signal seems to overlay the other one completely for the rise part.  
If the obtained two decay times at 10	μ are due to different oxygen concentrations in the 
extracellular and intracellular region of Candida, a variation of the oxygen concentration in 
the cell surrounding might lead to a disappearance of the second decay time because then 
the photosensitizer would be in two different cellular regions but there the oxygen 
concentration would be equal. With this experiment also the intracellular oxygen 
concentration could be estimated.   







Different quenching of singlet oxygen leads to different decay times in different parts in or 
in adjacency to the microorganism. The diverse quenching possibilities of singlet oxygen by 
proteins, fatty acids, polysaccharides, etc., or water depend on the localisation of the 
photosensitizer. The rise and decay times of the singlet oxygen luminescence signal in C. 
albicans biofilm and planktonic cells are both different from the decay times generated by 
pure TMPyP in .  
 
Experiments with the Nd:YAG laser 
Singlet oxygen luminescence signals from non-washed planktonic solutions with TMPyP had 
clear rise and decay components which were accurately evaluable. There, the singlet oxygen 
decay is dominated by a water environment and is in the range around 3.5	μ), which might 
be anticipated. For washed cells a greater variation of signals was detected, ranging from no 
signal mainly for 10	μ to evaluable signals for 100	μ of the used photosensitizer 
concentration. It can be assumed from these measurements that the photosensitizer is not 
strongly attached to the exterior of the cells. Nevertheless, photokilling of planktonic C. 
albicans cells after one washing procedure is described in literature [7]. 
A singlet oxygen luminescence generated after incubation with TMPyP in wet and dry, or 
washed and non-washed biofilms were detected for the first time within this study. The 
signal-to-noise ratio was proper enough to evaluate a rise and decay time. The singlet 
oxygen luminescence from C. albicans biofilms did not strongly depend on a washing 
procedure or a drying of the biofilm for 1	 and revealed almost unchanged rise and decay 
times. This can be understood, because the biofilm matrix is developed in order to protect 
the cells from external influences and therefore it is gel-like and highly hydrated due to the 
presence of hydrophilic polysaccharides [9]. 
Interpretations of the meaning of the rise and decay time are still under debate. The 
accuracy of experiments with biofilms, which are complex surfaces, critically depends on 
accurate preparation methods and optimisation of the experimental setup due to its 
geometry. Slightly different criteria like shorter irradiation time, different laser pulse 
frequency or irradiation power and especially different geometry of irradiation and 
detection of the singlet oxygen photons leads to dramatic changes in the intensity of the 
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singlet oxygen luminescence. Scattering processes due to different biofilm consistency, e.g. 
biofilm thickness or growth properties in the Petri dish are still a challenge for the detection 
of singlet oxygen luminescence. 
 
Experiments with the new tunable laser system – planktonic cell suspensions 
The experimental setup for detecting singlet oxygen was optimised with a tunable laser 
system and a gas flow unit. Therefore, photosensitizer concentrations below 5	μ can be 
used, because they can be irradiated properly in their absorption maxima. Very low 
photosensitizer concentrations usually are found after cell washing. In this study the setup 
was tested first on non-washed C. albicans cells with a photosensitizer concentration of 
1	μ. A higher sensitivity resulting in a better signal-to-noise ratio was detected even at this 
low concentration. Nevertheless, when dealing with artificially high concentrations, as was 
done herein with 100	μ, an irradiation in the Q-band should be preferred due to over-
saturation in the absorption when irradiating in the Soret-band. This avoids possible 
‘shielding’ effects which would result in a decrease of the irradiated volume and thus total 
number of cells in the laser irradiation volume (fig. 5.9). 
Different rise and decay times of the singlet oxygen signals were detected in C. albicans cell 
suspensions dependent on the photosensitizer concentration. Interpretations of the rise and 
decay times are still controversially discussed. For example a decay time of + 9	μ) detected 
after irradiation of a cell suspension with 1	μ TMPyP might be assigned as well to the 
photosensitizer triplet decay in a cellular region with low oxygen concentration as shown by 
Regensburger et al. or a decay of singlet oxygen in lipid environment as described by Baier 
et al. for HT29 cells [1, 15]. 
Based on the findings for 10	μ TMPyP irradiated at 420	 a model is proposed, 
explaining the bi-exponential decay with a possible double localisation of TMPyP in the 
intra- and extracellular region resulting in different oxygen concentrations in the 
environment of the photosensitizer. However, this model does not take chemical quenching 
into account. The different rise and decay parts in dependency of the different 
photosensitizer concentration suggest either different oxygen concentrations in the 
surrounding of the photosensitizer due to bi-localisation or singlet oxygen decay in lipid-/ 
water–/ protein-containing surrounding, respectively. Probably these effects also have to be 
taken into account together, which illustrates how fast the complexity for the theoretical 
description of a luminescence signal when working with cells is growing.  





The addition of the singlet oxygen quencher sodium azide as well as triplet spectroscopy 
should be conducted in future experiments to clarify the assignment of the rise and decay 
times. Additionally the change of the extracellular oxygen concentration influences the 
decay time of the photosensitizer in the extracellular region. 
The gradual change of the photosensitizer concentration in the cell suspension can be 
followed in smaller concentration steps and might give additional insights in the uptake 
process. A washing procedure should be carried out, in order to eliminate photosensitizer 
molecules in the  surrounding and to detect singlet oxygen luminescence generated only 
by adherent photosensitizer molecules.  
With the new experimental setup a dose finding would be interesting, finding the minimal 
photosensitizer concentration that has to be used in order to detect singlet oxygen 
luminescence from cells. Therefore a variation of the 
- photosensitizer concentration  
- incubation time  
- extracellular oxygen concentration 
- cell concentration 
- laser parameters (power, irradiation time) 
might be carried out. With the enhanced sensitivity of the tunable laser an enhancement of 
the cell concentration, which was usually done for having a higher overall photosensitizer 
concentration after the washing procedure might be obsolete then.  
 
One of the main ideas of the investigation of the singlet oxygen luminescence in cell 
suspensions was at first to use different photosensitizers, which locate at different sites of 
the cell. Since the porphyrins TMPyP and XF73 might tend to localize in different cellular 
structures, the site of singlet oxygen generation can be different and might provide 
information about the respective surrounding depending on the decay time of the excited 
triplet-T1-state and the decay of singlet oxygen. The phototoxicity tests in combination with 
luminescence measurements should provide a better understanding of the effectiveness of 
different photosensitizers regarding photodynamic inactivation of microorganisms. Such a 
comparison should elucidate the subcellular location of the photosensitizers and the site of 
singlet oxygen generation, which in turn may help to optimize the chemical structure of 
photosensitizers with chemical design of specific photosensitizers for better penetration 
and attachment. 
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Polymeric surfaces of different material were doped with photo-
sensitizers in order to create self-disinfecting surfaces using the aPDT 
principle. The properties of the photosensitizers after polymerization 
were investigated with different spectroscopic methods. The 
generation of singlet oxygen was determined and the decay of the 
excited triplet-T1-state of the photosensitizer and the decay of singlet 
oxygen were monitored. The challenge in the assignment of rise and 
decay time of the singlet oxygen luminescence signal is described in 
detail. The photosensitising properties of the surfaces were 
investigated with a phototoxicity assay of Staphylococcus aureus. 








In 1986 Dahl et al. already described a method to follow the toxicity of singlet oxygen 
without the influence of other reactive species generated via type-I mechanisms  with 
physical separation of the photosensitizer and bacteria [1]. Being a neutral molecule, singlet 
oxygen is assumed to show normal diffusion in air, contrarily to the other reactive oxygen 
species, and the lifetime of singlet oxygen is only limited by collisions with other air 
molecules. In that study, the half-life of singlet oxygen was determined by changing the 
distance of the site of singlet oxygen generation and the position of the bacteria to be killed 
by singlet oxygen. These experiments yielded a half-life for singlet oxygen of 24  6		 
which confirmed findings of the singlet oxygen decay time in the range of milliseconds 
(35  86		). That range was detected by the same group in water-saturated air at 5° with 
1	 pressure in 1983 [2]. These studies provide insights into an interesting field of 
antimicrobial PDI, where photosensitizer and pathogen are separated during the 
photokilling in contrast to the phototoxicity experiments as described for example in 
chapter 3. The generated singlet oxygen molecules reach the pathogen by diffusion, and the 
diffusion length or radius of biologically relevant action is limited by the lifetime of singlet 
oxygen. That concept is considered as the basis for the herein introduced investigations. 
The effect of photokilling of bacteria without direct contact of photosensitizer and 
microorganisms offers many interesting features and potential application. Antibacterial 
surfaces or also self-cleaning surfaces, which work with the PDI principle, are of great 
interest due to their preventive character for infections (see chapter 1). Such surfaces may 
help to reduce the transmission of multi-resistant microorganisms, which is a great issue in 
hospital hygiene. Since the photodynamic process of such surfaces in theory does not lead to 
a consumption of photosensitizer if abrasion and photobleaching is ideally neglected, a long-
term, constant prevention of microorganism settlement and growth will be given. 
Photoactive surfaces were developed and investigated in this study in regard to possible 
antibacterial properties by doping polymeric layers with photosensitizers. The active 
surfaces are applied as a varnish in order to cover the surface of solid material. It has been 
reported that upon polymerisation of a photosensitizer oligomerisation and thus self-
quenching could be prevented, leading to enhanced quantum yields for singlet oxygen 
formation as well as a higher photostability [3]. The study on the physical and chemical 
characteristics of photosensitizers linked to surfaces necessitated the detection of the singlet 
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oxygen generation that is performed directly via its luminescence at 1270	 and indirectly 
via the formation of tri-iodide [4].  
Different types of surfaces with different classes of photosensitizers were produced and 
investigated in regard to photostability, singlet oxygen generation and phototoxicity against 
bacteria. Some known photosensitizers like TMPyP, MB, PN or TPP have been studied 
already in simple solutions and in regard to their photophysical properties influencing 
singlet oxygen generation and their phototoxic efficacy. TMPyP, MB, and TPP were therefore 
polymerized into cellulose acetate (CA) surfaces. This material was used as a complete 
surface and did not cover another material. Derivatives of PN or TPP (TPP-O-A/B and PN-O-
A/B) were newly synthesized with the addition of side chains and were polymerized into 
polyurethane (PU) via chemical linking into the polymer network. PU was investigated as a 
varnish layer on the common carrier material poly-methylmethacrylate (PMMA).  
The aims of the surface studies were to dope different photosensitizers into two different 
polymers (CA alone or PU as a layer on PMMA) and 
(1) to investigate a possible photosensitizer leaking out of the surface, 
(2) to detect singlet oxygen generated in these surfaces directly via its luminescence and 
indirectly via the use of chemicals,  
(3) to determine and assign the rise and decay part of the luminescence signal to the 
photosensitizer triplet decay or the decay of singlet oxygen, 
(4) to investigate the structure of the surfaces via microscopic techniques, 
(5) and to determine the phototoxic effect exemplarily against Staphylococcus aureus in 
dependency of the photosensitizer concentration and the irradiation time. 
The decay time of singlet oxygen in air is estimated to be in the range of milliseconds [1, 2] 
and cannot be detected with the present experimental setup due to the high repetition 
frequency of the used excitation laser. Therefore, only indirect methods like the formation of 
tri-iodide or a phototoxic assay with microorganisms was used to detect singlet oxygen that 
escaped the surface layer by diffusion. However, singlet oxygen molecules, which are 
decaying inside the polymeric surface layer, can be detected by its luminescence that allows 
an estimation of possible quenching effects on either the photosensitizer or singlet oxygen. 
Without knowing the oxygen concentration in the polymeric surface layer it is nonetheless 
difficult to interpret the singlet oxygen luminescence signals in regard to the assignment of 
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The PMMA polymer plates coated with a photosensitizer-doped PU-layer were irradiated 
with a broadband lamp (Waldmann PIB 3000, see 2.6.3) with a power of 50	./0 at the 
level of the samples. After the irradiation absorption spectroscopy was carried out and 
compared to the non-irradiated samples. 
 
6.2.5 Indirect detection of singlet oxygen with potassium iodide (KI) 
An overall volume of 3	 12 with a concentration of 0.12	 in #0 was filled in a glass 
surrounding a polymer plate. In case of the PMMA polymer plates with PU-layer the 
photoactive side was turned upside. The samples were irradiated for 0, 5, 10, 15, and 
30	3 and after each time point 2	 of the solution was spectrally recorded, in order to 
monitor the formation of tri-iodide 2. After absorption spectroscopy the solution was 
filled back into the glass for further irradiation and monitoring steps. 
 
6.2.6 Transmission electron microscopy (TEM) 
In order to investigate the microscopic structure of the PU-layer on PMMA with and without 
the photosensitizer and obtain differences of non-irradiated and irradiated samples, TEM 
was used in cooperation with the Central EM Lab at the University Hospital Regensburg (see 
2.5.2). TEM was carried out with the photosensitizer TPP-O-A; as irradiation parameters 
60	3 of irradiation time with 50	./0 at the level of the samples (Waldmann PIB 
3000, see 2.6.3) were chosen. 
 
6.2.7 Phototoxicity experiments 
In this study the bacterium S. aureus was exemplarily used. As described in sub-unit 2.7.4, 
50	μ4 of S. aureus suspension (5 ' 0.6 ≙ 5 " 106– 5 " 107	89	 ) was dropped on the 
PU-surface containing TPP-O-A or PN-O-A and dried 1.5	: under a laminar flow. Samples 
were illuminated with the Waldmann PIB 3000 (emission * ; 400	) with a maximal light 
intensity of 50	./0 at the level of the illuminated samples. 3 different irradiation times 
(10, 30, 60	3) with photosensitizer concentrations of 0, 1 ∙ 10, and 2 " 10	 were 
used. For each condition the dark control was the reference.  
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6.3 RESULTS AND DISCUSSION 
 
In this sub-unit first, the results from investigations on cellulose acetate are presented, 
because they were produced and investigated before the PU-surfaces and therefore, the 
results and discussion will be used as the basis for the PU studies. 
 
Different diffusion coefficients of oxygen in different surroundings like air, #0, PMMA, or 
CA at 1	 are displayed in the following table 6.1. These values give an overview how the 










air 2.09 C 10  25 [5] 
air 2.04 C 10  20 [5] 
#0 2.10 C 10$ 25 [5] 
#0 2.38 C 10$ 20 [5] 
PU 3.2 C 107 - [6] 
PMMA, film 3.5 C 10D 25 [7] 
PMMA, bulk glass 3.3 C 10E 25 [7] 
 
Tab. 6.1: Diffusion coefficients for oxygen in different solvents and materials. 
In addition to table 6.1, Wolinska-Grabczyk et al. investigated the diffusivity coefficients for 
oxygen in structurally different polyurethane (PU) membranes at 30° and reported values 
in the range of 107	/0	  [8] which are consistent with the value reported by Jesenska et 
al. [6]. 
 
6.3.1 Cellulose acetate (CA) with MB, TMPyP and TPP 
Cellulose acetate (CA) was doped with MB, TMPyP or TPP at concentrations of 25	μ for all 
photosensitizers and additionally a concentration of 100	μ in case of TMPyP. For the 
investigations with spectroscopic methods the CA-surface was kept in different 
surroundings that are listed in table 6.2. 











25 #0 + 4	  
25 #0 + 10	  
100 air 
100 %# 




25 #0 + 1	  
25 #0 + 4	  








Tab. 6.2:  Overview of the CA-surfaces doped with different photosensitizers; the concentrations, the surrounding of 
the probes are given as well. 
 
6.3.1.1 Absorption spectra of MB, TMPyP, and TPP in CA 
The absorption spectra of the photosensitizers MB, TMPyP and TPP with a concentration of 
25	μ in CA were determined and compared to the spectra in solution. Within experimental 
accuracy (2	) no shifts of the absorption maxima of either TMPyP or TPP were recorded.  
MB showed a red-shift at its absorption peak at 664	 of 2.5	. Shifts in the spectrum 
indicate a change in the electronic system of the PS and might suggest aggregation or 
dimerisation effects, which was shown for MB to occur in solution (chapter 3). An increase 
of the sharpness of all absorption peaks (smaller half-width) was detected, which is a typical 
behaviour for substances in the solid-state due to less degree of freedom for the molecule 
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6.3.1.2 Direct detection of the singlet oxygen luminescence at 1270 nm 
 
MB and TMPyP in CA-surfaces 
The CA-surfaces containing MB and TMPyP with a concentration of 25	μ were placed and 
irradiated in quartz cuvettes at * ' 532	 in order to generate singlet oxygen and to 
determine the rise and decay times of the singlet oxygen luminescence at 1270	. First the 
luminescence of CA samples that were equilibrated with air at room temperature were 
recorded. The time-resolved singlet oxygen luminescence signals generated by MB and 
TMPyP are shown in the following figure 6.6. There,   and 0 describe the rise or decay 
times, GH the start of the fit and 2 is a value that is proportional to the number of singlet 
oxygen luminescence photons. 
 






Fig. 6.6:  Time-resolved singlet oxygen luminescence signal, generated by CA-surfaces containing each 25 µM of (A) 
TMPyP and (B) MB; the CA-surface was irradiated with a Nd:YAG-laser at λ = 532 nm with 50 000 pulses 
(= 25 s) in a quartz cuvette in air-surrounding at room temperature; herein, IA and I? describe the rise or 
decay times, JK the start of the fit and LMI a value that is proportional to the number of singlet oxygen 
luminescence photons; the deviation of the fit-curve is shown below each singlet oxygen luminescence 
signal. 
The time-resolved signals have a good signal-to-noise ratio and the rise and decay times 
were accurately determined and are summarized in table 6.3. In order to attribute the time-
resolved signal to the luminescence of singlet oxygen and to exclude any phosphorescence of 
the photosensitizer spectral resolved single photon counting was performed. Exemplarily, a 
spectral resolved monitoring of the singlet oxygen luminescence generated by a CA-surface 
containing 25	μ TMPyP is shown in figure 6.7.  
The fit of the spectral resolved luminescence signal with a Lorentz-shaped function (fig. 6.7) 
clearly yielded a maximum at 1275	. It is characterized by a flat bottom line between 
1150  1400	 and thus, additional phosphorescence of the photosensitizer was not 
detected within this measurement. 
(B) 




Fig. 6.7:  Spectral resolved singlet oxygen luminescence of CA-surfaces containing 25µM TMPyP; the CA-surface 
was irradiated with a Nd:YAG-laser at λ = 532 nm with 50 000 pulses (= 25 s) in a quartz cuvette in air-
surrounding at room temperature; the luminescence was measured using different interference filters in 
the range of 1100 to 1400 nm; the resulting values were fitted with a Lorentz-shaped function. 
As a further step, the external of the CA-surfaces was changed to allow different 
surroundings such as normal air, #0, %#, or #0 containing  at different 
concentrations to influence the singlet oxygen luminescence signal of the polymer specimen. 
For each surrounding condition a new sample of a CA-polymer was used. Table 6.3 displays 
the results for the rise and decay times of the luminescence signal for the different 
conditions. 
 
Surrounding of CA 
polymeric film 
TMPyP (?N	μF) MB (?N	μF) 
IO [μ@] IP [μ@] IO [μ@] IP [μ@] 
air 57 14 43 14 
QIRS 52 15 35 14 
S?R 34 12 23 17 
S?R	 T A	>F	UVUW 27 9 24 14 
S?R	 T X	>F	UVUW 32 10 28 11 
S?R	 T AK	>F	UVUW 32 9 28 11 
 
Tab. 6.3:  Rise and decay times, tR and tD, determined from the singlet oxygen luminescence signals generated by CA-
surfaces containing each 25 µM of TMPyP or MB; the CA-surface was irradiated with a Nd:YAG-laser at λ = 





532 nm with 50 000 pulses (= 25 s) in a quartz cuvette at room temperature; as different surroundings air, 
H2O, EtOH, or H2O containing different concentrations of NaN3 were used (experimental accuracy: 15%). 
A change in the rise and decay times of the singlet oxygen luminescence signal was detected 
when altering the surrounding medium of the CA-surface containing TMPyP or MB. For the 
measurement the CA-surfaces were kept Y 1	3 before the measurement in the solution. 
The interpretation of the results will be done by neglecting the diffusion of a small amount 
(Z 0.5	μ for 2	:) of photosensitizer molecules into the surrounding medium, as described 
in 6.3.1.1.  
The rise and decay time of the singlet oxygen luminescence signal generated by TMPyP in 
CA-surfaces remained almost unchanged for %#-surrounding. Although the decay value 
[ of the signal was not reproduced for MB-doped surfaces and the decay time decreased 
from 43	μ	 to 35	μ	, it must be considered as neglectable change within the experimental 
accuracy of 15%. 
In the investigations of the CA-surfaces with #0 surrounding for both photosensitizers a 
shorter decay time [ compared to air surrounding was obtained, whereas the rise time was 
constant within experimental accuracy. The rise and decay times of singlet oxygen 
luminescence generated by 25	μ TMPyP in #0 were investigated in previous studies in 
our group in dependency on the oxygen concentration. There a decay time of the excited 
triplet-T1-state of TMPyP of \]^ ' 34μ	 (as detected for CA-surface doped with TMPyP and 
surrounded by #0), resulting in a rate constant of 0.029	μ	  would indicate an oxygen 
concentration of 25	μ in #0. Furthermore, a variation of the oxygen concentration was 
carried out with 10	μ MB in #0 and subsequently a decay time of the excited triplet-T1-
state of MB of \]^ ' 34μ	, resulting in a rate constant of 0.043	μ	  would indicate an 
oxygen concentration of 14	μ in #0. Since the photosensitizers in the CA-surface might 
have a different photophysics due to their solid-state surrounding, the estimations for the 
oxygen concentration in #0 are not readily transferrable to the existing oxygen 
concentrations in CA.  
Interestingly, the differences in the concentration of , ranging between 1– 10	, do 
not have an influence on decay time [ of the singlet oxygen signal but a slight decrease 
above experimental accuracy of the rise time _  was obtained for TMPyP in the CA-surfaces. 
Since a decrease in the rise time was not detected for MB in the CA-surfaces, it might be an 
artefact. In order to see differences in the rise and decay time due to the presence of  
the concentration range might be chosen higher. 
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The partial pressure for oxygen is the same in different surroundings like air, #0 or EtOH. 
The same applies for polymers. A difference in the partial pressure leads to a diffusion of 
oxygen from the region with a higher `ab  to a region with a lower `ab  until the difference is 
0. The `ab-value of air at a pressure of 1013	cd and an oxygen concentration of 20.95% is  
`ab ' 0.2095 ∙ 1013	:+ ' 212	:+ ' 159	# ' 159	efdd 
Diffusion of oxygen is dependent on the diffusion coefficient for each gas, liquid or material 
like polymers. The equilibrium oxygen concentration in polymers can be determined by 
multiplication of the solubility gab  for oxygen with `ab  [10]. 
Eq. 6.1 
h0i ' `ab ∙ gab  
In most polymers gab  does not differ to a great extent [11]. Consequently according to 
equation 6.1 the oxygen concentration in the polymers should not differ to a great extent, 
assuming a constant `ab . Taking into account that the oxygen permeability can be expressed 
with 
Eq. 6.2 
+ab ' gab ∙ 5ab  
and that the solubility gab  does not vary very much, the permeability for oxygen and 
therefore the quenching ability of the excited triplet-T1-state is strongly determined by the 
diffusion coefficient 5ab  in the respective material [11]. Typical diffusion coefficients in 
polymers are in the range of 10E– 10D	/0	  [12]. As stated by Clough et al. diffusion 
coefficients for oxygen can be up to 4 orders of magnitude smaller than in their liquid 
counterpart, e.g. the diffusion coefficient of a glassy PMMA polymer was described to be 
5ab4		j	+k, 25° ' 3.3 ∙ 10E	/0	  and for the respective solute cyclohexane is 
5ab/j/4f:mGm, 30° ' 5.3 ∙ 10$	/0	  [7]. With that, a less quenching of the triplet-
T1-state of the photosensitizer in polymers and thus longer \]^  decay times can be explained. 
The decay time of the triplet-T1-state of a photosensitizer in a solid-state like a glassy 
polymer was described to be longer than in fluid surrounding, because deactivation of the 
triplet-T1-state, such as collisional deactivation, has a lower probability [11].  
An equation that takes the influencing parameters for photosensitizer triplet-state 
quenching into account is given by Lu et al. There, for samples in equilibrium with oxygen in 
the gas phase the following relation is given by a Stern-Volmer-plot 







\ ' 1 T
4
1000nopq\
Hgab ∙ 5ab`ab  
with \ = decay time of the photosensitizer triplet-T1-state, \H = decay time of triplet-T1-state 
in absence of oxygen, o = collision radius of the oxygen-dye complex, p = probability that a 
collision leads to quenching, and q = Avogadro number [10, 13, 14].  
 
Some aspects have not been considered for the quenching of the triplet-state or singlet 
oxygen within the polymer material. As long as it is not yet clear to which amount #0, 
%#, or especially  can diffuse into the surface, the interpretations have to be 
speculative. Further, MB and TMPyP are both water-soluble and a leakage from the material 
was detected, but was neglected for this discussion. It is also not clear how much this 
influences the rise and decay time of the singlet oxygen luminescence signal by a then 
resulting second overlaying signal. Here, contrary effects might lead to data which are not 
easily interpretable without additional measurements like triplet spectroscopy. 
 
TPP in CA-surfaces 
It was shown that CA-surfaces doped with non-water soluble TPP did not exhibit TPP 
diffusion into an aqueous surrounding. Therefore, these surfaces were spectroscopically 
investigated separately, but following the same experimental methods as for TMPyP and MB. 
Therefore, the TPP-plates were therefore left in different surroundings like #0, %# and 
additionally in 50. Since  did not show any effect in the rise and decay times for 
TMPyP and MB-containing CA-surfaces, it was not used in this study.  
The time-resolved singlet oxygen luminescence signal of TPP in CA-surfaces is shown in 
figure 6.8. From this measurement the rise and decay time of the luminescence were 
determined. 




Fig. 6.8:  Time-resolved singlet oxygen luminescence signal, generated by CA-surface containing 25 µM of TPP; the 
CA-surface was irradiated with a Nd:YAG-laser at λ = 532 nm with 50 000 pulses (= 25 s) in a quartz 
cuvette in air-surrounding at room temperature; herein, IA and I? describe the rise or decay times, JK the 
start of the fit and LMI a value that is proportional to the number of singlet oxygen luminescence photons; 
the deviation of the fit-curve is shown below each singlet oxygen luminescence signal. 
The time-resolved signal of TPP in cellulose acetate shows a clear rise and decay time 
without a significant deviance from the theoretical bi-exponential fit-model. The rise and 
decay time of the singlet oxygen signal generated by irradiation of TPP in CA show a value of 
[3d ' 37.4	μ	 and _3d ' 12.2	μ	, respectively. When adding #0 in the surrounding 
of the surface, the decay time of the signal decreased to [#0 ' 29.0	μ	, but _#0 '
10.6	μ	 does not change significantly within experimental accuracy. Interestingly when 
using 50 in the surrounding, which is known to enhance the lifetime of singlet oxygen, the 
[50 ' 38	μ	 is again in the range of [3d and _50 ' 14.2	μ	 just slightly differs 
from that value determined in air. [%# ' 29.5	μ	, then is again in the range of the 
value of water, as can be almost confirmed also for _%# ' 8.3	μ	. All rise and decay 















typical values for  
r∆ in solvent 
IO [μ@] IP [μ@] 
air 37 12  1  100		 
S?R 29 11 270 3.5	μ	 
O?R  38 14 238 68	μ	 
QIRS  30 8 1850 14	μ	 
 
Tab. 6.4:  Rise and decay times, tR and tD, determined from the singlet oxygen luminescence signals that were 
generated by irradiating 25 µM TPP doped into CA-polymer; as different surroundings air, H2O, Ethanol, 
and D2O were used; the singlet oxygen decay in air is estimated according to the literature [2]; the values 
for H2O, EtOH, D2O are taken from [15, 16]. (experimental accuracy: 15%) 
From the findings for MB, TMPyP, and also TPP in CA-surfaces, it can first be noticed that the 
rise time for all singlet oxygen luminescence signals is in the range of 12	μ	 and therefore 
comparable within experimental accuracy. It is considered to reflect the singlet oxygen 
decay time in CA, which is strongly dependent on its surrounding and only in cases of 
oxidation or other types of quenching by the photosensitizer additionally influenced. This 
was shown in previous experiments with TMPyP and MB dissolved in #0, where at 
concentrations in the μ-range both photosensitizers yielded a singlet oxygen decay time of 
3.5	μ	. 
For CA-surfaces doped with TPP and placed in #0 a decrease of [ was obtained, but might 
be an artefact due to the experimental accuracy of only 15%. 
In 50 neither the rise, nor the decay time change fundamentally. It is known from several 
studies in solution that the decay of singlet oxygen in 50 is longer (68	μ	) than in #0 
(3.5	μ	). If the solvents #0 or 50 were able to penetrate in a sufficient amount into the 
polymeric film due to the permeability of diffusion constant for #0 or 50 into CA, a 
change for both, rise and the decay time, would be expected. A lower / higher oxygen 
concentration in the polymer due to #0 or 50 within the material would lead to an 
increased / decreased decay time of the triplet-T1-state of the photosensitizer and the 
presence of either solvent would lead to a de- or increase of the singlet oxygen lifetime in 
the polymer. To study this assumption the dependency of the rise and decay times on the 
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By irradiation the absorption maximum decreased 4%, as indicated by the arrow in figure 
6.17. The absorption data for the Q-bands are displayed 8-fold magnified compared to the 
absorption at 420	. Even with this magnification no decrease of the singlet bands was 
detected. From these data the photosensitizer is considered to be photostable within the 
limits of the experimental accuracy. 
 
Leakage of the photosensitizer 
Since bacteria in aqueous suspension were applied to the surface for phototoxicity tests, it is 
essential to know the leakage of the PS because this critically influences the phototoxicity 
results. Such a leaching was already detected for CA surfaces and non-linked, water-soluble 
photosensitizers. The polymer plate with TPP-O-A was placed for 1 week in #0 and the 
absorption spectrum of the supernatant was recorded. No typical absorption bands of TPP-
O-A were detected in the supernatant which can be explained by the fact that TPP-O-A is not 
soluble in #0 and is linked with PU. 
 
6.3.2.2 Direct detection of the singlet oxygen luminescence 
After the PU-surface was doped with TPP-O-A, the plate was spectroscopically investigated 
to understand the process of the singlet oxygen generation in such a PU-surface. The singlet 
oxygen luminescence was detected time- and spectrally resolved in air-saturated samples at 
25°. Therefore, the oxygen concentration in the air-surrounding of the plates was 
calculated to be at h0i ' 8.54 " 10	f4	 . 10 000 laser pulses are equal to an 
irradiation time of 10 s and were used for each measurement.  
 
 







Fig. 6.18: Time-resolved direct detection of singlet oxygen generated by TPP-O-A in PU with a concentration of 10-4 
M and a PU layer thickness of 50 µm; the samples were air saturated at a temperature of 25°C. In (A) t1 
and t2 were obtained by a bi-exponential fit in the first part of the luminescence signal; in (B) the second 
(A) 
(B) 
t1 = 188 µs 
t2 = 16 µs 
t3 = 648 µs 
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part of the decay of the signal was fitted with a single-exponential fit gaining t3; the deviation of the fit-
curve is shown below the singlet oxygen luminescence signal. 
 
 
Fig. 6.19: Spectrally resolved direct detection of singlet oxygen generated by TPP-O-A in PU with a concentration of 
10-4 M and a PU layer thickness of 30 µm; the samples were air-saturated at a temperature of 25°C; a 
Lorentz-function was fitted through the data points yielding a maximum at 1275 nm. 
The maximum of the singlet oxygen luminescence was detected at 1275	 (fig. 6.19). In 
combination with the time-resolved measurement at 1270	 (fig. 6.18), the generation of 
singlet oxygen was directly proven. The high signal intensity compared to photosensitizer in 
solution would facilitate an accurate determination of the rise and decay time of the signal 
with a bi-exponential function.  
The rise part of the signal was detected as single-exponential whereas the signal decays in a 
multi-exponential manner. Since one rise time but at least 2 decay times seem to be 
inherent, the exact determination of the rise and decay times is challenging. The fit of the 
time-resolved signals has been done according to the bi-exponential equation (2.2), for the 
first part of the luminescence signal. The second part was fitted with a single-exponential 
function. These resulted in a decay of [^ '  ' 188  19μ	, _ ' 0 ' 16  1.6μ	 (first 
part) and [b '  ' 648  65μ	 (second part). Due to more than one rise and one decay 
time as usually obtained in simple solutions with dissolved photosensitizer in #0 or %# 
the interpretation of the data for the PU-surfaces are difficult.  
These measurements do not finally assign rise and decay time. Therefore in the following 




Influence of the oxygen concentration on the decay times
The oxygen concentration influences predominantly the deactivation of the excited triplet
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Then, the partial pressure of oxygen was varied with that gas
the PU polymeric plates. Therefore, a polymer plate containing TPP
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` ∙ u '  ∙ v ∙ e 
⇔ 
 ' ` ∙ uv ∙ e 
and  
ux ∶' v ∙ e`  
is defined as the molar volume.  
With the parameters 
v ' 8.314 ∙ 106	+	/	f4 	1  
e ' 25° ' 298	1 
u ' 4	/ 
` ' 101325	+	' 7.5006 ∙ 10	efdd 
into equation (6.1) this leads to an equivalent of 
 ' uux ' 3.42 ∙ 10
$	f4 
of oxygen in the cuvette. The absolute values of the equivalents were referred to the 
percentaged values with  
20.9%	0 ≙ 3.42 ∙ 10$	f4 
… 
100%	0 ≙ 16.36 ∙ 10$	f4 
Therefore, the figure 6.22 shows the change of the rise and decay time of the singlet oxygen 




Fig. 6.22: Change of the rise and decay time of the singlet oxygen luminescence signal with oxygen concentration; 
the inverted rise and decay time was fitted linearly and thus the slope of the curve k
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concentration, and is also in contact to PMMA, having probably a different oxygen 
concentration. Thus, an oxygen gradient has to be assumed 
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Fig. 6.
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 into PMMA
figure 
23: Scheme of a “sandwich” polymer plate; the blue areas left and right indicate the PMMA material
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Figure 6.25 shows a singlet oxygen luminescence signal that was generated by TPP-O-A in a 
PU sandwich polymer (1A) exhibiting a high signal-to-noise ratio. It shows a remarkable 
decrease around 80% in the decay time to [ ' 34  3μ	 and further a decrease of ≈ 50% 




t1 [µs] t2 [µs]  Sandwich 
 
t1 [µs] t2 [µs] 
TPP-O-A 1A 157 10 
 
TPP-O-A 1A 34 6 
  1B 195 12 
 
  1B 35 6 
  1C 175 13 
 
  1C 27 4 
  1D 199 13 
 
  1D 32 6 
TPP-O-B 2A 150 10 
 
TPP-O-B 2A 30 5 
  2B 170 9 
 
  2B 33 6 
  2C 130 11 
 
  2C 27 5 
  2D 140 9 
 
  2D 32 5 
PN-O-A 3A 204 16 
 
PN-O-A 3A 31 4 
  3B 193 17 
 
  3B 26 3 
  3C --- --- 
 
  3C 29 < 0.5* 
  3D --- --- 
 
  3D 27 6 
 
Tab. 6.7: Rise and decay time, t2 and t1, of the time-resolved singlet oxygen luminescence signals for the PU-
monolayer samples and the PU-“sandwich” structures. There, ‘A’ equals a photosensitizer concentration in 
PU of 1·10-4 M, ‘B’ = 2·10-4 M, ‘C’ = 1·10-5 M, and ‘D’ = 5·10-5 M. * t2 was not resolvable. 
In case of the monolayer samples for both, TPP-O-A and -B, a rise and decay time was 
determined of a signal with a good signal-to-noise ratio. In case of PN-O-A only with PS-
concentrations of 1 " 10	 and 2 " 10	 singlet oxygen generation was detected, 
although with a lower intensity compared to the TPP-O-A/B samples; nevertheless, rise and 
decay times were evaluable. A decrease for both, rise and decay time, was detected when 
using the sandwich structures for TPP-O-A/B and PN-O-A compared to the monolayer PU-
plates. Additionally, also the samples 3C and 3D of the sandwich polymers containing PN-O-
A showed now singlet oxygen generation, but exhibited a low signal-to-noise ratio. PN-O-B 
did not show singlet oxygen generation for all 4 concentrations and for monolayer and 
sandwich samples.  
The photosensitizer PN is known for its high quantum yield for singlet oxygen formation 
[24]. Hence, the lower singlet oxygen luminescence intensity cannot be understood by a 
simple comparison of the quantum yields that have been determined only in solution. PN is 
known to consume oxygen while being irradiated [25]. Therefore, effects like oxidisation 
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might lead to a fast decrease of the oxygen in the material and thus low signal intensity. 
Moreover, due to additional side chains or the chemical linking in the PU-polymer, PN-O-B 
might have changed its electronic structure and hence its rate and rate constants resulting 
in no or very low generation of singlet oxygen. Since the absorption of the photosensitizer is 
not detectable due to the overlap with the light absorption of PU (see section 6.3.2.1), this 
explanation remains however speculative. Fluorescence detection or triplet spectroscopy 
with the polymer plate and the photosensitizer might elucidate the reason of the absence of 
detectable singlet oxygen generation. 
What can be noticed further for all determined singlet oxygen luminescence signals, is an 
increase in the intensity of the signal. For the determination of the rise and decay time of 
each sample neither the photosensitizer concentration nor the thickness of PU-layer were 
changed. Together with the obtained shortage in the rise and decay times, a model is 
proposed with a comparison of the monolayer with the “sandwich” structures. In that model 
we exclude a general change of the oxygen concentration or the diffusion constant when 
adding a second PMMA-layer onto PU. Since both, rise and decay time become shorter, the 
probabilities for singlet oxygen and triplet-T1-state deactivation must be consequently 
higher. The first basic change when adding a second PMMA-layer is, as determined above by 
calculation, the exclusion of air-surrounding for PU. Therefore, singlet oxygen might not 
have the possibility to be deactivated in air exhibiting a very long decay time (Y 		). Thus, 
a higher proportion of singlet oxygen decays within PU or PMMA, which is detectable on our 
time scale in the time-resolved singlet oxygen detection method. This can be an explanation 
for the sudden higher signal intensity, which can be expressed in simple terms as a 
‘compression’ of the time-resolved luminescence signal along the time-scale (x-axis). 
Further, the system was simplified by excluding the air-contact and a decay of singlet 
oxygen in PMMA has now a stronger influence on the signal and the photon statistic is 
changed. Therefore it might also seem that the triplet decay time becomes shorter, which 
might be not the case; the long singlet oxygen decay in air might overlay the triplet state 
decay and lead to false assumptions in regard to the triplet decay, similar to the findings in 
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iodide in #0 (blank). The formation of tri-iodide can clearly be followed by the absorption 
peaks at 287	 and 350.5	 after irradiating the PUR sample with the PIB 3000 using 
50	./0. The absorption value increases with the irradiation time. 
From these findings we concluded that (i) either singlet oxygen is generated by irradiating 
the samples, or (ii) another reactive species is formed which reacts with potassium iodide, 
resulting in the formation of tri-iodide.  
Point (1) was tested by direct spectroscopic investigation of the PU polymeric plates 
without photosensitizer (PUR). There, by irradiation of the samples with a wavelength of 
420	, which was also used in order to irradiate TPP-O-A in its Soret band, no singlet 
oxygen was detected with the PUR samples. Therefore, we consider point (2) as rather 
probable. One of the possible candidates for another reactive species would be #00, which 
was detected by Jesenska m	4. in their study of PU material [6]. It plays furthermore an 
important role in the reaction mechanism in the formation of tri-iodide as presented in 
scheme 2.1. 
 
6.3.2.4 Fluorescence of TPP-O-A in PU 
Fluorescence microscopy of the TPP-O-A containing PU polymeric plates was done to 
investigate the homogeneity of photosensitizer distribution in the PU layer. This experiment 
was in the end considered to be not sensitive enough to determine the micro-structure and 
therefore the homogeneity, but photobleaching of the fluorescence can be detected with this 
system. 
Thus, fluorescence microscopy the photobleaching by irradiation with the tunable laser 
system at 420	 for 38	3 of TPP-O-A (PS concentration of 10	, PU-layer thickness of 
30	μ) in PU was investigated. Figure 6.29 shows the fluorescence in false colour images at 
different localisations around the irradiation centre, which was hit by the laser beam. The 
findings were only obtained qualitatively. 
After irradiation of 38	3 with the laser at the given conditions a bleaching of the 
fluorescence has been detected in the irradiated area. The polymer plate with TPP-O-A was 
scanned from right to left as indicated by the arrow in picture 0. The most right position is 
therefore picture 1 and the most left position is picture 8. Picture 1 is already close to the 
irradiated area and therefore in dark blue colour, that indicates a low fluorescence. 




highest irradiation, no fluorescence is detected anymore. When going towards the area of 
low to no irradiation intensity, from picture 4 to 7 an increase in the fluorescence intensity 
was detected. Finally in picture 8 a non
highest fluorescence intensity indicated by the yellowish
 
Fig. 6.29:  Fluorescence of TPP
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films, they were fixated onto a standardized grid for the TEM microscopy. There, according 
to figure 6.31 an electron beam was guided through the sample, in which heavy atoms led to 
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Fig. 6.32: TEM photo of a PU polymeric surface containing TPP
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Fig. 6.33: TEM photo of the edge of a PU polymeric surface containing TPP-O-A with a concentration of 10-4 M and 
with a PU layer thickness of 30 µm; untreated with light (dark control); a 5000C magnification was used. 
The small white spots in the region of the PU varnish are considered as air bubbles which 
probably are created during the polymerisation process and thus fixed into the material. 
Before the polymerisation, the PU-varnish contains different ingredients which have to be 
fully dissolved and mixed. During the mixing process and probably also the airbrushing 
procedure air will be forced into the material and forms these bubbles. In PMMA these white 
spots are missing, indicating another process of production. 
 
6.3.3 Phototoxicity experiments on surfaces 
Phototoxicity experiments with surfaces show the effectivity of the light induced generation 
of radicals (type-I and type-II reactions) and their ability to kill microorganism depending 
on the irradiation time and the applied power. The photophysical experiments showed 
generation of singlet oxygen in the materials CA and PU after irradiation. With indirect 
methods, the diffusion of singlet oxygen (without exclusion of other ROS) was determined. 
Therefore, a photokilling effect is expected for both materials. The determination of the 
reduction of bacteria on the surface is a second proof of the generation of singlet oxygen (or 
other ROS), that are able to escape the surface, and can be used as a quantification of the 
effectiveness of ROS generation. The corresponding experimental procedure, however, is 
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microorganisms in aqueous suspension. Thus, lower experimental accuracy of the results 
was expected requiring a larger number of independent experiments. The procedure is 
described in chapter 2. There, the handling of the recovery of bacteria, and within this 
especially the swapping technique is considered as source of the high errors.  
 
In contrast to TPP the investigated CA surfaces containing MB and TMPyP showed a weak 
photosensitizer leakage from the material (fig. 6.3). Therefore, only TPP in CA was 
investigated in our group in regard to its phototoxicity (data not shown). Upon irradiation of 
S. aureus for 10	3 (OmniCure®Series 2000, 50	./0, 30	,/0) on a CA-surface 
containing 250	μ of TPP a photodynamic inactivation due to the presence of the 
photosensitizer of } 2	4f H-steps was achieved and a dependency of the photokilling effect 
on irradiation time and TPP concentration was determined [9]. However, a loss of bacteria 
was reported on the CA-samples not containing any photosensitizer of up to 4	4f H-steps 
only upon irradiation for 30	3. The reason for that has not finally been clarified [9]. 
The PU-polymer surfaces can be used as a coating due to the simple application technique. 
They are considered as an improvement of the CA surfaces, because the photosensitizers are 
chemically linked to PU. Furthermore, the loss of bacteria is expected to be lower compared 
to the findings with CA due to a change of the polymer material. In a first study, exemplarily 
the effective killing of S. aureus by TPP-O-A and PN-O-A doped in PU under irradiation was 
investigated and is presented herein. Therefore, 3 different irradiation times (10, 30, 
60	3) and 3 different photosensitizer concentrations (0, 10, 2 " 10	) were used with 
a constant irradiation power of 50	./0 using the PIB 3000 for both, TPP-O-A and PN-
O-A. For each condition a dark control was the reference. 
 
The values for the reduction of S. aureus presented herein are given in logarithmic steps, G, 
of the logarithm with the base 10 and were calculated using the following formula 
Eq. 6.5 
G ' 4f H ~511 
with DK and LK being the 89	  of the respective dark control and light control and 
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Microorganisms are frequently distributed via contaminated surfaces, which are in 
alternating contact with different individuals. It would be of great importance to interrupt 
this transmission pathway of microorganisms by a self-cleaning effect of surfaces, in which 
photodynamically generated singlet oxygen could play an important role. To achieve this 
goal, surfaces can be coated with polymer films containing photosensitizers with an 
appropriate concentration, which generates singlet oxygen upon irradiation with visible 
light. The aim of this chapter was the scientific investigation of singlet oxygen generation in 
such polymer films. The major physical issues in this process were the investigation of 
singlet oxygen production in different polymer films, its quenching and the impact of 
diffusion processes of oxygen followed by first microbiologically testing of such surfaces 
with regard to their efficacy against bacteria.       
On one hand, photoactive surfaces and hence the doped photosensitizers require sufficient 
oxygen supply from either outside air or from inside polymer. On the other hand, the 
generated singlet oxygen should escape, as much as possible, from the photoactive surface 
to kill the microorganisms on the surface. Thus, diffusion of oxygen or oxygen permeability 
of substrates plays an important role. 
At present, the oxygen permeability of the investigated material can be estimated by a 
comparison to similar materials, listed in tables such as in the polymer handbook [12], but 
theory and knowledge of luminescent oxygen sensors help to elucidate the oxygen 
concentration within a polymer. In these devices the luminescence of a photosensitizer in a 
polymer film is quenched by oxygen, whereas the quenching efficacy depends on the oxygen 
concentration and the diffusion coefficient. Following Lu et al. the quenching kinetics can be 
described completely in terms of parameters that can be determined independently: the 
excited triplet-T1-state lifetime of the photosensitizer and the permeability +ab  and diffusion 
coefficient 5ab  of oxygen in the polymer [10]. 
Describing the mobility of molecular oxygen in polymers and the consequences for triplet-
state quenching is complex but some basic information, which might helpful in 
understanding the singlet oxygen lifetime in polymers, are provided by Boersma et al. [26, 
27]. For many industrial purposes it is important to enhance the resistance of the polymer 
products, especially against oxidation, and the mobility of oxygen is described to be such a 
critical factor that may lead to instability of the material. Thus, they studied a change in the 
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amount of free volume within the polymer by monitoring the oxygen permeation. It is also in 
line with these studies that the change in the diffusion coefficient with temperature can be 
explained by the change in the free volume [28]. This might be a good starting point when 
trying to understand the generation and decay of singlet oxygen in materials such as the 
present polymeric layers that are doped with photosensitizer molecules. 
In general diffusion seems to play a critical role in the quenching processes of singlet oxygen 
and especially the excited photosensitizer. Despite low diffusion coefficients in polymers, in 
comparison to air or liquid surrounding, a rather rapid oxygen diffusion into polystyrene, 
(5 ' 2.3  0.2 ∙ 107/0	 , 25°, 1	) was reported by Poulsen et al. Their polymer 
film reached an equilibrium within 5		 after exposure of a degassed 10	μ thick polystyrene 
film to oxygen [29]. The time for reaching an equilibrium of oxygen in the material might be 
strongly dependent on the thickness of the polymer. 
 
Singlet oxygen detected by direct spectroscopic methods 
After doping the polymers CA or PU with the respective photosensitizers, the generation of 
singlet oxygen was clearly detected directly by its luminescence, except for the 
photosensitizer PN-O-B, with a rather high signal-to-noise ratio. Thus, an accurate 
evaluation of the rise and decay times was possible. The rise and decay times were in the 
range of μ	 and thus the deactivation of singlet oxygen most probable occurred within the 
samples, since a decay in surrounding air should have been substantially longer in the range 
of milliseconds [2].  
The singlet oxygen luminescence signals detected for the photosensitizers in CA showed a 
bi-exponential behaviour. For all photosensitizers, MB, TMPyP, and TPP, the rise time was in 
the range of 12  13	μ	, which is considered as the range of decay time of singlet oxygen in 
the CA material.  
  t1 [µs] t2 [µs] 
MB 42.6 13.6 
TMPyP 56.9 13.9 
TPP 37.4 12.3 
 
Tab. 6.7: Rise and decay time of MB, TMPyP, and TPP in CA. Each experiment was done in triplicate with an 
assumed error of 10%. 





For all photosensitizers, MB, TMPyP, and TPP, the rise time was in the range of 12  13	μ	. 
Schiller et al. report values for the singlet oxygen lifetime in polymers to be in the range 
between 10– 50	μ	 [30]. Jesenska et al. obtained a singlet oxygen lifetime in PU nanofibers 
doped with TPP of 11.6	μ	 and a decay time of the triplet-T1-state of 17	μ	 [6]. And these 
decay times for singlet oxygen are in good agreement with the herein presented findings for 
CA-polymers or PU-layers on PMMA. Although the assignment of the rise and decay times of 
the singlet oxygen luminescence signals is still challenging, decay times of 12	μ	 in CA and 
14	μ	 in PU are reasonable from the present measurements. 
In the case of the TPP derivatives in PU polymer a multi-exponential decay of the singlet 
oxygen luminescence signal was detected which made an exact evaluation impossible with 
the fit-curve basing on a bi-exponential model (eq. 2.2). Nevertheless, when taking only the 
first part of the signal into account (fig. 6.21), an estimation of rise and decay time was 
possible. The multi-exponential decay gives room for speculation: as one assumption singlet 
oxygen might decay in different micro-environments, which might differ in the oxygen 
concentration or in the size of the free volume within the polymer. Dependence of the 
oxygen solubility on the free volume has been shown by Boersma et al. on glassy polymers 
[26] and might lead to multi-exponential decay manner of the detected luminescence signals 
of singlet oxygen. Despite to the assumption of different decay times of singlet oxygen 
Clough et al. state that singlet oxygen has an intrinsic decay time within a polymer and thus 
exhibits first-order decay kinetics, whereas the excited triplet-T1-state decays in non-first-
order kinetics [7]. 
In case of the PU polymeric surfaces a rather complex system with two different boundary 
layers, comparable to the biofilm surfaces, was described. Once generated in PU, 
deactivation of singlet oxygen within PU, PMMA or air is possible, considering an additional 
probability for singlet oxygen to be reflected into the respective material/surrounding. Due 
to the shape of the singlet oxygen luminescence signals we assume that singlet oxygen is 
deactivated in the PMMA material after diffusion from the boundary layer with PU in a non-
neglectable amount and the deactivation in air gives rise to a long decay of the signal, until 
its disappearance in the noise of the photomultiplier and limited by the time resolution of 
the experimental setup. Like in biofilms, representative surfaces comparable to the PU-
polymer surfaces, the singlet oxygen luminescence should be considered composed of 
spatially separated photon emission sources (PMMA, PU, air), each being more or less 
dominant and influencing rise and decay of the other signals to a certain extent. The 
experiments with the sandwich structures showed under exclusion of the air surrounding a 
considerable change of both, rise and decay time (tab. 6.6). Although the decay time in air 
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cannot be resolved in its whole decay part in time and thus disappears in the noise signal of 
the photomultiplier, its influence on the whole luminescence signal might be visible by 
affecting the decay times by overlay of such different luminescence sources.  
Exclusion or minimisation of the possibilities of singlet oxygen to decay in other 
surroundings than PU is helpful to understand the deactivation mechanism. Therefore, the 
proposed model has to be checked with future experiments like direct photosensitizer 
triplet spectroscopy in order to determine the decay time of the photosensitizer. A change of 
the material surrounding PU (glass, polymers allowing no oxygen diffusion, etc.) and a 
variation of the PU thickness might lead to characteristic changes of the decay times of 
photosensitizer triplet-state and singlet oxygen. The change of the decay times from a fluid 
to a solid state of the polymer might give additional insight as would do a change of the 
oxygen pressure, with respect to the diffusion of oxygen in the material. 
To summarize, the production of different polymeric samples and a simplification of the 
herein presented complex surfaces by excluding decay possibilities, supported by computer 
simulation methods of these interfaces, describing the behaviour of the coupled differential 
equation system of ‘photosensitizer-oxygen’, is inevitable. 
 
Singlet oxygen monitoring by indirect methods 
A reaction of oxygen radicals with a solution of potassium iodide leads to the formation of 
tri-iodide which can be detected via absorption spectroscopy. This reaction can be used to 
detect the presence of singlet oxygen, but it is also sensitive to #00. In our measurements 
also the irradiation of pure PU on PMMA led to the formation of tri-iodide, which - without 
photosensitizer - should not be due to singlet oxygen generation. Experiments with 
additional quenchers for singlet oxygen, #00 or further reactive oxygen species might 
therefore exclude certain reaction pathways and give a clear evidence of the involved 
substances. Although the formation of a potential radical in the PU surfaces without 
photosensitizer was shown with the formation of tri-iodide, a phototoxic effect with these 
surfaces was not detected within experimental accuracy of 0.5	4f H-steps. 
 
Phototoxicity 
The photokilling effectiveness of the PU polymeric surfaces depended on the irradiation 
time and the concentration of the photosensitizer. Although the first results of the present 





photoactive surfaces are very promising an optimum of the photosensitizer concentration, 
irradiation time and irradiation power is an important goal for the near future. 
The PU-polymer surfaces doped with TPP-O-A showed for all concentrations a singlet 
oxygen luminescence signal with high intensity. Nevertheless, the samples showed a killing 
effectivity of slightly more the 2	4f H-steps only with a concentration of 2 " 10	 and an 
irradiation time of 30	3. For 10	 the killing effectivity is already below 0.5	4f H-steps 
and is therefore considered as not biologically relevant. 
PN-O-A in PU-polymer surfaces showed, despite lower intensity of the singlet oxygen 
luminescence signals, an increased effectivity in photoinduced cell killing compared to TPP-
O-A. With a concentration of 10	 a reduction of ; 2	4f H-steps and with 2 " 10	 a 
reduction of ; 3	4f H-steps was determined within 30	3. A reduction rate of at least 3 
orders of magnitude of 4f H is considered already as biologically relevant according to the 
hand hygiene guidelines [31]. The ‘self-disinfecting’ surfaces rather prevent microorganism 
settlement and growth than destroying already present colonies or biofilm structures. Thus, 
it is noteworthy to mention that the definition of cell killing on surfaces, in terms of 
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The commercially available phenothiazinium derivatives showed a quantum yield which 
was substantially below the values reported in literature. Since the quantum yields differed 
with concentration, an influence of dimerisation on the ability to generate singlet oxygen is 
suggested. New derivatives of methylene blue were synthesized and dimerisation could be 
suppressed in some of these molecules. The phototoxic efficacy of the derivatives is 
comparable to methylene blue, however, some of the new synthesized photosensitizers 
showed additionally a higher photostability, which is together with an absent dimerisation 
behaviour a new, promising batch of phenothiaziniums. Nevertheless, uptake experiments 
of these photosensitizers will give further insights in the interaction with microorganisms, 
supporting the aPDT effect. 
 
An aggregation of the porphyrin XF73 was determined, which was higher compared to the 
reference porphyrin TMPyP, most probable due to its flexible side chains. Stacking of XF73 
was substantially enhanced by  ions, which can be found in high concentration in cell 
physiological solution like PBS. The effect of aggregation leads to a dramatic increase in the 
ability to generate singlet oxygen and the singlet oxygen luminescence signals reveal a 
changed rise and decay time. Therefore, an interpretation of the luminescence signals 
becomes a challenging undertaking. The experimental data suggests that even at the same 
localisation of two similar photosensitizers, the singlet oxygen luminescence generated by 
these can differ to a great extent, because the surrounding of the photosensitizer might not 
only affect singlet oxygen, but the electronic system of the photosensitizer. The study on the 
effects of PBS on photosensitizer might help to elucidate the mode of action in cellular 
surrounding as for example absent phototoxic effects in suspension.  
 
The singlet oxygen luminescence signal, detected directly at 1270		
, was substantially 
improved with a new laser setup. Now, the singlet oxygen generated in cells can be 
monitored with a higher signal-to-noise ratio. This is especially important, because the 
photosensitizer concentrations after incubation and washing procedures can be rather low 
(few 	
 to μ). We could evaluate accurately the rise and decay time of a singlet oxygen 
luminescence signal in a cell suspension incubated with 1	μ of TMPyP.  
Further, singlet oxygen luminescence signals of photosensitizers doped into Candida 
albicans biofilms were presented, which were recorded for the first time. The signals of 




great extent and thus it was suggested, that the biofilm matrix, which is highly hydrophilic, 
keeps a constant surrounding like the amount of water, to maintain its features and TMPyP 
is linked efficiently into the matrix-cell-structure. 
 
Polymer surfaces using the principle of PDI were produced with different photosensitizers 
and polymers. The generation of singlet oxygen within these surfaces was confirmed by 
direct spectroscopic methods. A discrepancy from the bi-exponential fit model used in this 
thesis was determined, having its accruement without much doubt in the complexity of the 
polymeric surface system, the oxygen diffusion and the deactivation probability of the 
electronically excited triplet state of the photosensitizer. It might be stated that the 
investigation of these physical and chemical parameters of polymer surfaces doped with 
photosensitizers is still a challenge, especially with regard to the assignment of rise and 
decay time of the singlet oxygen luminescence signals, which might not be answered by the 
methods proposed in this work alone, but ask for cooperation with polymer chemistry and 
microbiology. A model to consider the determined rise and decay times was proposed, but 
should be tested in future experiments with assistance of computer simulations.  
Further, after excluding the surfaces exhibiting a leaking of photosensitizers upon contact 
with water, the phototoxic efficacy was tested exemplarily on Staphylococcus aureus. A 
dependence of bacteria cell killing on the photosensitizer concentration and the irradiation 
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